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1. INTRODUCTION

The fundamentals of jet noise generation have been studied in great detail
over the pajt twenty-five years. Lighthill's early work identified the basic
Jet noise generating mechanisms and provided the foundation for the numerous
studies that followed. Much of the research following Lighthill's early work
advanced the understanding of the jet noise generation process. However, in
1970, it was still not possible to theoretically (or even empirically) predict
the complete characteristics of the noise field of a heated, supersonic jet,
with ever a faint degree of confidence. With the almost certain, even though
delayed, introduction of supersonic passenger aircraft and the equally certain
regulatory action against excessive noise from these aircraft, it appeared
necessary to the U. S. Department of Transportation (DOT) and the USAF Aero
Propulsion Laboratory (APL) !hat the noise generation and radiationl mechanisms
of supersonic jets must be better understood. In order to promote this under-
standing, a series of fundamental research contracts was initiated in mid-1971.
These contracts were jointly funded by the DOT and the AF.

As a means of clarifying the history of this series of research investi-
gations, a flow chart Identifying the various contracts and technical publica-
tions which describe the contract results Is shown In Figure i.1. In the
first phase of the AF/DOT program, three contractors participated in a problem
definition study and state-of-the-art assessment. Lockheed's program produced
a six-volume final report that Included (I) a critical review of current jet
noise theories, (ii) a description of Lilley's theory for jet noise generation,
(iI) a set of detailed supersonic jet noise measurements over a limited
temperature range to show both effects of temperature and quantitative devia-
tions of existing theory from measurement, and (iv) an assessment of optical
measurement techniques for establishing the flow characteristics in the free
jet.

At the end of the Phase I program, contracts were established with
Lockheed and G.E. to enter into a detailed program of fundamental theoretical
and experimental studies of jet noise generating mechanisms and jet turbulence.
During this Phase II program, in addition to a series of five oral briefings
to interested governmental, university, and industrial observers, a number of
publications and technical papers were produced which described progress In
Lockheed's program of supersonic jet noise studies. This current report is
part of a four-volume final report and serves as an overview summary of the
significant findings from both Phase I and Phase II studies.

As a matter of current Interest, Immediately following the Phase II
contract, Lockheed has begun a third program, with the gon] of fitting all the
results derived in the first two programs into a rather complete fundamental
jet noise prediction analysis and associated computer programs.

In this volume of thn Phase II final report, a summary of relevant
results produced during the first two contracts will be given, with major
emphasis on the Phase II results. However, the justifications produced during
the Phase I program relevant to the problems with the Lighthill analogy theory
and the requirements for an adequate theory for describing jet noise genera-
tion and radiation, as well as a derivation of the Lilley theory will also be
included.



04-4t~ arl4 qv C .. ~ .~ PU flII '
r- ~ ~ ~ ~ Q enO 001 hQ 0 % O N ON

ON OrI*. CM - - c -II - - VI

- *r4i c (r o4 c = C6 =c -~c, >-:P

-Ina n CO CO LL. 0 nm f

- . rl fl I . rI%
-CON I- 6T LI IN 4) .

C4I~Q r.- (A: 4.0
ar CL CL c ,- r. jr1 r t

ceao -AC-4CL-
w~ ~ uvIIJI I .WLLJ N . w ~ - In (O I) --1

LL. 0f0 Z I, a 0 >

Wn if <~ >~ > w 0 U.Z - z M. a: 99 LJ w 1W Z W -
o L a 0 uA 0 3 3: < 0 < - L 4.1

- wl x- I wI X dev

CID In 1- -1. I= -

~~~7 z OOi z l

land

1 V)

t~CL

L. 4)0 L4 )
ch ft 41 NN ) al- LWM m10 ;V1CN ) i 0 3 4j)4)In

w. IfDr C4 )-4 10 IL 3 >
a -Q" 

m1 0 1"a n j, 4>)4~- .In 4) 1.L
Q~ 41IU 0 jU - )U

Un CL L- 4-
L.~~ 0% 4 a j %D 0

m- . 4) C 4) uO InOI

CO w" LU. - In L* n Z-t I-

c 04 c 04-m
s-. I- 4.O 1 >.-> 4

0 .- n0

M 4j

L IL

2;2



This summary report is accompanied by three other volumes. Referring to
Figure 1.1, Volume II covers progress since the interim report. All the in-
formation contatned in the papers referred to in the publication list is also
contained in either the interim report or else in Volume II. Volume III is a
compendium of turbulent mixing noise data and as such can be used as an
independent source of accurate jet turbulent mixing noise data by other re-
searchers. Volume IV contains similarly accurate data on shock-associated
jet noise.

This brings the reader up to date on the history of the program. It will
be necessary in the following to reference the various programs and the first
contract will be called either the Phase I or else Exploratory Program. The
second contract will be referred to as the Phase II program or Detailed Inves-
tigation.

This summary report will consist of three malor sections. The first
(Section 2) will outline the problems with theoretical work on jet noise
existing prior to the Phase I contract. The second (Section 3) will outline
the requirements for an idequate jet noise theory as developed during Phase I,
and the third (Section 4) will summarize the results from the Phase i: pro-
gram. In addition, several appendices are included to discuss facility call-
bration, LV design and calibration, and other Interesting information obta'ned
during the LV measurement program.



2. REVIEW OF PREVIOUS WORK

In order to establish the requirements of a consistent approach fur
analyzing and theoretically modeling jet noise generation, the following sub-
sections are presented which describe the earlier theories and their conceptual
and mathematical difficulties and advantages, as well as comparisons of these
theories with reliable experimental results.

2.1 EXPERIMENTAL ASSESSMENT OF LIGHTHILL'S FORMULA FOR ISOTHERMAL JET NOISE

The Lighthill theory of aerodynamic sound generation1 ,2 , in general, and
jet noise generation, in particular, as well as notable extensions by Ribner3

and Ffowcs Williams4 , have proved their worth in explaining many of the ob-
served features of jet noise. However, detailed comparisons of Jet noise
characteristics such as those first discussed by Rlbner3 and conducted in
detail by Lush5 , show serious areas of discrepancy between the "acoustic
analogy" theory of Lighthlll/Ribner/Ffowcs Williams and the very careful ex-
perimental results of Lush. Since t:is detailed and carefully conducted study
by Lush 5 formed the basis for evaluating current theory at the time the Phase I
program began, it Is useful to summarize Lush's findings and to use them as the
primary Justification for the approach taken in the current work.

While the Llghthill formulation of the problem of Jet noise generation is
mathematically exact, a penalty Is paid for this exactness In terms of a source
function, which cannot be identified exactly. Thus, practical usage has been
limited to an approximate form of this source term without, in general, an
assurance that Important generation or transmission phenomena are not being
Ignored.

Lush shows clearly that practical application of the Llghthlll formula*
is in serious error for higher frequency Jet noise at angles corresponding to
maximum noise emission. Specifically, the formula overestimate3 considerably
the high-frequency noise, particularly at angles close to the Jet exhaust. His
method indicates that these overestimations occur when the path length of the
sound through the shear layer becomes comparable to or greater than the
acoustic wavelength. Before discussing the details of Lush's comparison, a
brief discussion is given of Lighthill's theory and approximations normally
invoked for practical applications.

2.1.1 Practical Application of Lighthill Theory

The Llghthill theory1 predicts the far-field intensity In the form

*We should differentiate clearly at this point between the Lighthitl theory
which may be exact and correct, and the Lighthill formula by which we infer
th. approximations necessary to the theory to rende:, it in a form suitable
f practical estimation procedures.

4



1 ________((XixXJX, 32Tij(n,t) a2T.( (2-1)

= 167r2pa5 (1 -Mczuse) 6 f r6  at2  at 2  dnd (2-1)

where Tij = pvivj + Pij - a pji].

For practical estimation purposes, the following assumptions are normally

adopted:

(a) Tij may be approximated by the single term PViv J .

(b) The frequency weighting term implLed by the time differentiation of
Ti. scales on jet efflux velocity; that is, the turbulent field is
j Strouhal number dependent.

(c) The fluctuating (turbulent) and mean velocities contained in Tij
are proportional to jet efflux velocity.

(d) Both the shear layer width and turbulence scales are independent of
jet efflux velocity, at least for conditions where the local-flow
Mach nu:mber is everywhere less than unity.

There is, of course, strong experimental support for items (b), (c), and (d)
from numerous Investigations of turbulent flow fields and their insertion into
the basic theory leads to the Llghthill formula

lie) - f(e) Vj8  D2
1 (I Mc cose)5

where f(O) is dependent on the type (i.e., longitudinal or late-al) of quadru-
poles contributing.

While the Lighthill formula was generally accepted as more or less valid
for subson;c jets, there were many worrying deviations noted in the literature

between experiment and theory. Bushell b , in a very thorough study of model
and full-scale engine data noted that the 8th power velocity dependence at
high subsonic velocities was gradually reduced to something approaching 4th

power dependence at low subsonic velocities. In his analysis of these results,
he concludes that the observed deviations probably result from upstream dis-
turbances and interactions with the nozzle. These problems have led to
critical examinations of rig design and other potential jet noise sources, such
as "lip noise."

In order to accurately determine the extent by which the Llghthill theory
(and imptrvements by Ribner wid Ffowcs Williams) actually deviated from care-
fully conducted experiments, Lush exam;ned all the potential problems in jet
rig design and jet noise testing and designed a rig for unheated jet tests
which appeared to be free from the recognized problems. These te3t results
were then compared by Lush with the Lighthill theory with a technique espec-
ially devised to highlight deviations between theory and experiment and
furthermore, to reveal the physical reason for the disagreement. In the

5



following subsection, this work is outlined in reasonable detail, since it
uniquely highlights one aspect of the problem with Lighthili's basic theory.

2.1.2 The Analysis Method by Lush

The Lasic analysis method adopted involves rewriting ghe Lighthill formula
(as suggested by Lilley7 and discussed in detail by Ribner ) as,

I(e) - vi K +B ~)

(0 -Mccose) s

where K1 is a constant of proportionality relevant to the set of randomly
oriented quadrupole "sources" associated w~iLh self-noise; i.e., the turbulence-
turbulence interaction term of T;h K2 is a similar proportionality constint
for the quadrupoles associated w h the turbulence-mean shear intewdction term
and f(e) is the directionality factor associated with these quadripoles.

It should be noted here that, to predict the directionality cf the noise
For a given flow velocit, both the ratio K2/K1 and the form of f(e) must be
known. However, thls difficulty is completely avoided If the variation of
Intensity with jet efflux velocity at a given angle to the Jet axis Is
monitored.

The variation of noise intensity with jet efflux velocity for various
angles to the jet axis is shown in Figure 2.1. It is apparent that, at 900,
the predicted V dependence is obeyed with convincing accuracy. However, as
the angle is reduced, comparison with theory becomes progressively worse, with
theory overestimating measured values. To investigatE this phenomena in more
detail, a spectral comparison was conducted but as a function of a reduced,
nondimensional frequency defined as

F- (1 - Mc cose) (2-3)
Vj (

where f is the obierved acoustic frequency, D is the jet diameter, and Vj is
the jet efflux veloclty. The philosophy leading co the choice of this parame-
ter is as follows. Consider a source being convected at Mach number Mc in a
direction making an angle 8 with a line joining the source to the observer. If
the source frequency, observed in its moving reference frame, is fs, then to
the stationary observer the apparent frequency will be

fs

f (1 - Mc cose) (2-4)

i.e., the well-known Doppler frequency shift effect.

Thus, the term f(i -Mccos6), in the equation defining our ,-educed non-
dimensionalized frequency, F, corresponds to the actual source Frequency. Due
allowance is, therefore, made for the fact that a given convected source will
appear to have various frequencies, depending on both the angle relative to
the jet axis from which it is observed and its convection speed.

6
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Finally, the source frequency f. is nondimensionalized to form the
Strouhal number F =fsD/Vj. This nondimensional form is based on the observa-
tion that moving-axis turbulence frequencies, which determine source fi'equencies,
scale on both jet diameter and jet efflux velocity. Thus, by monitoring acoustic
levels for a given value of F, one is insured of monitoring the same sources
irrespective of the jet velocity, their convection speed, or the angle from
which they are viewed.

Thus, following the Lighthill formulation for such a given set of sources
(i.e., F =const.), we would expect their intensity again to follow a law of the
form [for small convection Mach number, where a2M <<(1 -Mc cosO) 2]

Vj8
I(F-const.) = j(2-5)

(1 -Mccose) 
5

To test the correctness of the Lighthill formula, Lush 5 selected four values of
F, namely 0.03, 0.10, 0.30, and 1.0. Results are again presented separately
for each angle of the jet to avoid, as b-fore, uncertainties associated with
the relative contribution of the randomly oriented and preferentially oriented
quadrupoles, respectively.

The results for the four values of F at 90' to the axis are shown in
Figure 2.2. A convincing comparison of data with the anticipated "theoretical
intensity" Is apparent. Thus, for the 900 position, not only Is the overall
intensity predicted reasonably well, but also the variation of the individual
"frequency" components.

However, similar analysis of results at 15* (Figure 2.3) produce a com-
parison of theory with experiment that is totally unsatisfactory, at least for
the higher values of F. These, in fact show an overall variation with jet
efflux velocity appreciably less than V. Clearly, extrapolation of the high-
speed noise levels from the low-speed values according to the theoretical
formula V8 (1 Mc cose)" 5 would result in large overestimates of these higher-
frequency components, and these overestimates would becone increasingly worsefor higher speed.

A dramatic demonstration of the magnitude of these observed discrepancies
can be made by considering noise spectra measured at 900 and 150 to the jet
axis as shown in Figures 2-, and 2-5, respectively. The Lighthill formulation
would suggest that these spectra should be dependent on Strouhal number, with
peak frequency proportional to jet efflux velocity. Indeed, at 900 (Figure
2.4) this is correct, and a convincing collapse of data can be obtained.
However, for the 150 results, the peak freouency is essentially independent of
jet velocity, again clearly showing the lack of high-frequency energy at these
small angles-

Analysis of the results presented above indicated that, whenever the wave-
length of the sound is large compared with the path length of sound through the
turbulent flow field, predictions of the Lighthill formula are correctly obeyed.
However, once this condition is violated, sound appeared to be produced with
appreciably lower efficiency. Refraction is the effect most commonly used to
explain this defect of sound energy near the jet exhaust axis.

8
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However, If this is the only effect, then total power should obey the

theoretical estimates, since the power once generated Is merely redirected. The
fact that this is not the case was also established by Lush, and his comparison
is shown in Figure 2.6. It appears that the higher-frequency components exhibit
a complete lack of convective amplification, which would help explain this
reduction in source efficiency.

Finally, it is appropriate to consider the significance of these results

to the noise of heated supersonic jets. First, further Increase of speed above
that considered by Lush (-1,000 fps) using hot unchoked jets will Increase
source frequencies so that an even more noticeable portion of the acoustic
spectrum will fall Into the range where acoustic wavelength Is less than the
path length through the turbulent flow. From these viewpoints, therefore, If

better understanding of noise generated by pure turbulent mixing was to be
achieved, irrespective of further complications of locally supersonic flow,
shock waves, and other factors, a detailed theoretical model of noise genera-
tion by quadrupole sources contained in a shear layer of finite dimensions was
required. This problem was Ignored by Lighthill in favor of the simplified
formulation by his analog theory.

Thus, In summary, the very careful comparison of Jet noise experimental
results with Llghthill's predictions produced major disagreements at high
frequencies. Here, Lush speculated that both refraction and a reduction In
source efficiency was contributing to the high frequency defect in sound level

near the exhaust axis and the failure of total radiated sound power to match
the theoretical value at high source frequency/high velocity combinations.
Lush showed, in addition, a peculiar low frequency Increase In noise (compared
to the theory) at small anales and low frequencies.

This assessment of the severel areas where the Lighthill theory failed,
even for the case of unheated jets, led to a further examination of jet noise

theories in general and the requirements of a new theory to make up for the

observed discrepancies discussed above. The following section Is a summary of
this critique of the various competing theories at the time the Phase I pro-
gram was Initiated.

2.2 COMMENTS ON MAJOR AERODYNAMIC AND JET NOISE THEORIES AVAILABLE IN 1972

In this subsection, a critique by Doak9 of existing jet noise theories Is
summarized. Although Lighthlll's equation has already been compared with
experiment and was shown to be inadequate for detailed predictions of jet
noise, it is presented In another context in this section to provide a basis
for discussing competing theories at the time Doak's review was completed.

Reference has been made to "acoustic analogy" theories of aerodynamic

noise. It Is useful to state exactly the Lighthill definition of an acoustic
analogy of jet noise. He discusses a method of Identifying the aerodynamic

sound sources in an equivalent, uniform acoustic medium at rest. The following
is a direct quotation from Lighthill (Ref. 1, pp. 566-567):

13
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Coioideking a 6hictuating 6ftLid Seow occupying a Cimited
pa4t o6 a vetay Lge votume o6 6tid o6 Aich tie temaindei

"Moo is at est, then the equations gove'ning the fttuations
o6 density .n the 'ttf Ctid (O4CC be compaAud with those[ whIFiu-wo-d be app4optiate to a un.ioin acoirstic me diun at
Aent, which coincided with the eaf 6fiud outside the
"tegion o6 61ow. The di6 wence between ie two sets o6
equation wiff be consideped as i6 it wee tie eddect oS a
6fuetuating extenae e'ce 6iedd, known i6 tile 6em is
knotn, acting on tie said tmi4vm acoustic ineditan at iest,
and hence adiating 6otwd in it accotding to the oidinaDti

lws06 actatic6s.

ThOA scheme ha!, two advantages. Fiist, %iIee we ate not
conce'zned (sce § 1) with the back-,eaction o6 the sound on
tile dfow, it is appiopi.iate to considei the sound as pi'o-
duced by tile 6ftetuating A',tw a~teA tile manne o6 a 6 oeed
oseidtfation. Secondfil, it is best to take the Aee sys3temn,
On wich the Soicing is consideled to ccui, as a uni ,m
aceoltie medtiuW at )test, because otheltise, a tel tile

ound p tdceed has been e timated, it luOifd be ec es.a
to eon6idei tile modiiCatiOns (iue to its ConveciotiI ti th
tile tu'ibfe't ACoIv and Vilopaga tion at a 1vaiiabfe sp.eed
with in it, iQh_ ieh woufd be .i euC t t, tandCe. But by the
metTI7d just desncibed, aCf tile eh'Aects nte epe,aced 611
equiv'aCient Awing teims and ine o ated in the hi.othet-
icat Aoce 6iefd.

The underlined portions are incorporated to highlight the assumptions of
Lighthill's theory, as he analyzed the difficulties of realistically accounting
for the obvious interactions of sound with the flow both in the process of
generation and propagation.

2.2.1 Lighthill's Theory and Dimensional Analysis

Lighthill's exact acoustic analogy equation for the mass density is

.0 -_ =. - (2-6)

,)x i. Ct )x i  )xj

where

Ti-i  = )viv j  + (p - 010's ij - Si~i  (2-7)

and

'IV x+ 2 "- i ij I+ V+ -lk (2-8)

The constant co is mathematically arbitrary but in keepinq with the philosophy
behind the aialoqy; Lig.hthill regards it in his phy-sical interpretation of the
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theory as the speed of sound in a suitable reference medium. Lighthill assumed
that the physical situation was one In which a disturbed, sound generating flow

field would exist only within a limited volume of the fluid, outside of which
would be fluid at rest, apa-t from "acoustic" disturbances propagating out from
the source region. If the speed of sound In this outer fluid is taken as co
and if only acoustic disturbances exist there, the homogeneous part of Equation
(2-6) should exactly describe the mass density fluctuations In this region.
Thus, to justify application of the analog in a given situation, one needs to
establish the existence, in that case, of a region of real surrounding fluid,
having a uniform mean temperature corresponding to a sound speed co, which is
suitably quiescent. For an inviscid, non-heat-conducting fl'jid in the outer
reion, it can be shown that 32Tj/axlaxj falls to zero faster than
(a2p/qt 2) - C2V2p for low Mach numbers. Doak 9 demonstrates by reference to
the Rayleigh Yinearized equations that in the limit of a nearly quiescent
medium, of Stokesian viscosity and thermal conductivity, the right-hand side
of Llghthill's exact equation for aerodynamic sound generation, Equation (2-6),
does not reduce to zero completely in comparison to the left-hand side. He
shows, In fact, that the case of a Stokeslan fluid, Equation (2-6), reduces in
the limit of an ambient medium, to a homogeneous wave equation in pressure
rather than density. Furthermore, he questions the wisdom of formulating an
acoustic problem in terms of density rather than pressure, but concludes that
both the density and "preferred" pressure formulations (Doak9 , pp. 56-57) are
conceptually valid within the limits of the analysis.

However, the main shortcoming of the "acoustic analogy" approach lies in
the inability of the experimenter to accurately determine the effective
sources. The terms a2 (Pvivj)/Dxiaxj that represent, in the form of equivalent
sources, convection of the sound waves that are generated elsewhere, are
usually small compared with the dominant terms depending upon only the turbu-
lent (i.e., solenoidal) velocity components. Therefore, hot-wire anemometer
measurements of the equivalent source terms will usually not reveal these con-
vection effects although, of course, the convection of the equivalent
"turbulent quadrupole sources" themselves will be readily apparent. Hence, a
prediction of the radiated sou.d field from the "acoustic analogy" equation in
such circumstances will not include the physically real, and generally signifi-
cant, effects of the convection of the sound waves themselves in the flow.
This important limitation applies to all "analog" and some "true source' (to
be defined In a following section) theories. However, it is important to
stress that Lighthill's theory is exact and would provide the exact solution
if the source terms could be completely described.

With this important reservation in mind, w. may now examine how Lighthill's
theory has been applied in the correlation of Jet noise. From a very simple
point of view, Llghthi]110 was able to deduce that the sound energy radiated
would be proportional to (in the absence of ccivection effects)

PoCo5

where f2 represents a mean-square fluctuation of the quadrupole strength Tij,
w is a typical frequency and V a typical eddy volume. Then by arguing that
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Now in the mixing tegion, the uctuations o6 teAm tike
pvivj an the quadrupote AtAength T~i are in puoportton to
pOuJ2, changing ttte wi~th X, but -te typico.L 6,equency w
6att away tike U/x, white the typicat eddy votume V
gJtow tike 03. Wle 6houed theAe~ouL expec~t the poweA out-
put to voAy a poV/aX peA unit votume o6 mixinj tegion
&ut 6ince the vo/ume pvt unit Length ineaae with x, the
,sound emitted peA uit length o6 jet 6houtd umain
con6tant in egon, the totaL up to x= 4d being
propomLtonaXi

Po Vj0 d
2

I/unit length (2-9)
co

8
This is the well-known Uj law of Jet noise and careful measurements show

that it is applicable over a particular subsonic velocity range. The convec-
tion effects mentioned above refer to the "convectlye amplification" due to the
motion of the sources relative to the observer. This factor was correctly
derived by Ffowcs Williams11 and modified Equation (2-9) by the factor

(0 - Mc cose)"5  (2-10)

where Mc cosO is the convection Mach number in the direction of emission based
on the atmospheric sped of sound.

A well-known solution to Equation (2-6) is obtained1 provided refraction,
diffraction and the effects of solid boundaries are neglected. This is given
as

1- (xl "__(x_ " y
_

)

p(x,t) - 1 d -yi)(xj -yj) a2T-j , (2-1t)
4ircO f M{~ !I-. (X -y) 113 a t2 -

where y is the source position, x is the receiver position, coM is the uniform
speed Bf source

I -.Yl
T - t - (2-12)co

and n is the moving coordnate defined by

T

y- co  f M(') dT' (2-13)

0

A fairly straightforward analysis, basea on this solution leads to the results
that the spectrum of radiated noise is Strouhal number dependent; that sources
contributing to the peak of the spectrum are contained in a region near the
end of the potential core; that the low-frequency noise is generated downstream
of the potential core in the fully developed region with the spectrum shape
being related to the square of the Strouhal number; and, that the high-frequency
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noise is generated in the mixing region, with the spectrum shape inversely
related to the square of the Strouhal number.

These scaling laws highlight the obvious importance of Lighthill's theory
since without these estimates it would not be possible to estimate the noise
to within an order of magnitude, as Lighthill stated in the following extrac-
tion from Reference 1:

This papeA is concened with the geneAaX pobte : given
a tuctuating Stuid dtow, to estimate the sound radiated
Srom it. Paxt 11 itt take up the que tion o6 tmulU2ent
6tow popeA, with specat re'ence to the soud SUM
o6 a tubutent jet, 6o,% which a companison with expeui-
ment is poshibte.

The pobnem's utitity may be questioned on the ground6
that we neveA know a 6 ,ucti atng 6tuid Stow vo y ace-u-
'atetly, and that the'e6te the sound produced in a given
proce4 could only be estmanted vey toughty. Indeed,
one coutd hoadty expect, even with the great advances in
knowtedge o6 tubutent Stow which have latety been made,
that such a theoLy could be used with coniddence to pe-
die~t acou.4Uc inten&atieh wi~thin a 6actoL o6 much iess
than I,. But, on the otheA hand, one could cettainty
make no con ident etAmate even to within a 6actoL o6
1000 on existing knowedge, and 6uA-theJ, the range o6
4xtensities Zn which one is inte'ested is at teast 1014.
A1ho, nothing £6 known at prsent conce&Ung how di66u-
ent aoAt o changes in a Stow pattern may be expected
to atteA the sound p'oduced, and this is a 6eAiouh
impediment to those expe~imening in novet Zed6 o
aexodynamLc sound poduction. Ctea4ty, su knowtedge
can AVe ony dom a mocev in two paAts, the 6iut
consideAing 'hat 6o o'Lt 0a6 uctwatin 6tow wi be gen-
etated, and the second what sound the Stow wil produce.

The p.opohed method o6 attack, in which 6i'rt the de-
taits o6 the Stow a'e to be estimated, 6o ae.odynam c
ptincipte not concerned with the acoustic popagation
o6 dluctuatona in the Stow, and secondtlq the sound
6ietd i6 to be deduced, prectudea the discussion o6
phenomena wheAe theAe is a hzgndicant back-aeaction o6
sound produced on the 'tow det.d ithet6. But such
back-Leaction can be expected untehh theAe is huch a
%esonatoL pLesent to amptidy the hound.

Actuatty it seems Ukely Suom the theory in it6 prteent
6or.m that quantitative estimates o6 the hound 6ietd wlit
be obtainable (ah wiU be heen in Part 111) only 6o,%
the hound kadiated into 6ree hpace; and thus they witl
neglect not only neighboing taonatoru, but clho att
eddecta o6 reaction, di66'Laction, abho'pton o
scatteAng by 6otd boundarZeh. But the genvnaL 'ueut
o0 these ed6ects could odten be sketched in h uNequent&J,
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in the Light oJ ext6tn, knowtedge. Again, the eztima.te
e6ea onty to the ene~gy which actuatty e~capeA &Lom the

6tow a6. ound, and to it6 diectionat dislt-baiwotn; thw6,
the depaxtwteA 6'tom inveue Aqwvte-&zw uiat~~tion which
ae to be expec'.ted within a ve,4y 6ew wavetengthA o6 the
f6low, due to a 4tancing wave pa-tte~ui witU not appeaA in
the etmat, atthough they me impni ct in the gentM
theoty. A6 a 6inaL 4 vtAi~cton the theoy Z e66ec~tvety
con6ined in it6 apptca~ton to comptete y 6ub~onic tow,
and coud haAdy be uhed to anatyze the change in diwAc-
teA oi the 6ound pkoduced which i6 oiten ob.eved on
twan6Ztion to z6upe46onic dlow at teaat i6, a6 Cave-Ekown-
Cave 4uggeAt, it is due to high-6iequency exmai-aon o6
,6hock wvwe.

2.2.2 Ribner's Contributions to Jet Noise Theory

Based on Lighthill's model, Ribner12 deduced that the noise power emiLted
by a slice of the Jet is essentially constant in the mixing region (x0 law)
and falls off extremely fast (x-7 law) in the fully developed jet. Ribner
has made a number of significant contributios to our understanding of jet
noise. His own "dilation theory"1 3 is really a reformulation of Lighthill's
theory and as such suffers from the same limitations. However, Ribner's work
on directivity and the quadrupole correlation governing the pattern of jet
noise is useful. He Drooosedl4 (followinq the original phraseology used by
Lilley7) to separate the contributions of various quadrupoles into "shear
noise" and "self noise." The former quadrupoles contribution being non-zero
only when the mean flow is nonuniform (i.e. possesses shear), the latte,
quadrupoles being free of cross-coupling with the mean flow. Based on this
separation the total noise power emitted from a unit volume at a point I
was found to be

p(y,O) - A + B(cos4O + cos2e)/2 . (2-14;

self shear

This results in what Ribner refers to as a "basic" quasi-ellipsoidal pattern
of jet noise directivity.

Ribner however also recognized the importance of refraction on jet noise
directivity and various workers at the University of Toronto, Institute of
Aerospace Studies, have made eyperimental and theoretical analyses of refrac-
tionl- 13 . Based on these results, hacGregor et a119 derive the "basic"
pattern from theory and experiment.

However, it will be shown that this approach for describing jet noise,
though valid, is unnecessary and subject to excessive difficulty in describ-
ing the source. By reformulating the problem in terms of a convected wave
equation with all refractive and convective terms on the left-hand side, the
effects of refraction, diffraction, and convection are automatically included
in the solution. Further theories similar to Lighthill's and Ribner's
analog are available such as those of Bschorr20, Meecham 2l, and Crow2 2.
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These were also critically examined by Doak9 in his comprehensive review in
the Phase I work.

2.2.3 Phillips' Theory

We will now consider the work by Phillips 23. We may classify Phillips
theory as a "true source" theory in which an attempt is made to identify the
sources of the acoustic radiation field in the real, moving, inhomogeneous
fluid and not In an equivalent (and fictitious), uniform acoustic medium.
Phillips' equation, a convected wave equation, may be written as

ai(2  a r 02r av v D2Ca
axj ax11  Dt

2 xj 3xi Dt2

.d- 8vj*2av (2-15)

where r =- in p; a = L Xn(p/pj), c2 = -ep/o, and y E cp/cv.

Phillpes& Interpretation of his equation suffers from a fundamental over-
sight. He interprets quation (2-15) as follows:

The tem on the tedt-hand Ade ame thou o6 a wave equation
in a movZng medLu with a vaAZabte zpeed oS Aound, the poA-
t ,at tme detJ uative o6 the ordi naty wave equation being.
eptaced by deAivative6 Sottoai~ng the motion. The 6,i't

tm on the Aight-hand Ade eptesent the gene ;tion oj
preAure 6tuctuwaton by the veto.ec.ty Luctuatiot6 in the
ituid wh Lte the umain.ng temA deAc,'be the egects o
entAopy d&Lctuatioka and 64ud vi~covsiy.

In fact, the left-hand side oF Equation (2-15) does not have the full, correct
differential operator appropriate for pressure disturbances "in a moving
medium with a variable speed of sound." There are no terms In the operator
expressing the effects on propagation of the pressure disturbances of any
shear in the flow. These terms arise from what Phillips mistakenly Identified
as entirely a "source" term, namely

avi v
2 a

on the right-hand side of his equation. This term contains a shear refraction
term which, in a strictly 1o9ical manner, should be included on the left-hand
side of Equation (2-15). For a given Mach number, the shea- reFraction term is
significant for wavelengths comparable to, or greater then, the shear layer
thickness, as weli as the tendency of shear retraction to be more important at
higher Mach numbers. it Is aso possible to show that the shear refraction
terms :n the disturbed flow itself, relative to the leading source term of the
material derivdtive of Equation (2-15) are of order (Lv 2/LA2 ,where Lv is the
length scale characteristic of che turbulent "eadics" and LA is the acoustic
wavelength. Lv/LA is believed to be small, and hence the shear refraction
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terms are normally swamped in the disturbed flow by the source terms. Thus,
the experimenter is quite unable to provide the theoretician with the informa-
tion that the latter needs about such convection and refraction terms in the
form of "equivalent source" data.

However, If the "source terms" could be completely identified then, of
course, Phillips' theory is ex oct. We might also point out that Phillips'
solution does not describe the far-field noise since his solution represents an
infinitely wide shear layer or the inner solution in a method of matched asymp-
totic expansions.

2.2.4 Conclusions of Critique of Analog Theories and Pnillips' Theory
and Requirements for a Consistent Theory of Jet Noise

The convection and/or refraction terms on the right-hand side of the
acoustic analogy equation and Phillips' equation are linear 1n the derivatives
of the dependent variable, pressure, for which the solution is required. Omis-
sion of these convection and/or refraction terms affects both the propagation
characteristics with respect to frequency and directionality and the effective-
ness with which a given forcing function can cause the medium to fluctuate as
an effective source of acoustic radiation. Thus, the analog theoriee do not
take account of the effects of the presence of the flow on the intrinsic
efficiency with which a given source can produce far-field radiant acoustic
energy. In general, the radiation impedance seen by a given acoustic source in
a given acoustic environment depends upon all the properties and characteristics
of the entire environment, both in the near and far fields.

Of course, in the acoustic analogy formulation, all equivalent sources are
regarded as if embedded in an ideal "acoustic" medium, and hence, again, if
these equivalent sources are all accurately determined, the predictions of the
radiated sound field will be correct and the radiation impedance problem, being
well understood for such an ideal "acoustic" medium, presents no difficulties.
If, however, the equivalent propagation-type source terms are not included with
sufficient accuracy In the source data, then not only may the distributions In
angle and frequency of the radiated sound be in error, but also the total
radiated sound power It alf may be in error, because the homogeneous part of
the acoustic analogy equation does not yield radiation impedances that are
appropriately modified to make up for the omisions or inexactitudes of the
relevant equivalent source terms.

Thus, even the order-of-magnitude accuracy, as well as the detailed
accuracy, of predictions of radiated sound from the acoustic analogy equation
can depend very critically upon equivalent source terms that are small and
largely undetectable by available experimental methods, in comparison to the
leading equivalent source terms due primarily to the "turbulent" (that is,
vortical) velocity fluctuations in the disturbed flow, In this respect, the
acoustic analogy approach is undoubtedly more liable to error, and more likely
to lead to confusion and misinterpretation in the analysis of experimental
results, than is the Phillips' equation approach, in which at least some of
the convection and refraction terms due to mean veloclty variation and thermal
innomogeneity in the disturbed flow can be more accurately taken into account
in the predictions, and in which, as a consequence, the radiation impedance
effects will be similarly included.
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In the preceding discussion, it has been shown that the principal weakness
in practice of all analog theories is that their predictions are too sensitive
to the details of the equivalent source distributions which cannot be identified
and meaeured to the accuracy required. Conceptually, therefore, for engineering
purposes, the analog theories are unsatisfactory since they do not provide un-
equivocal Identification of all the various separate and distinct factors that
can influence the radiated sound. In particular the theories conceal, rather
than reveal, the influence of convection and refraction of the sound itself by
the disturbed flow.

Based on these observations, it is concluded that a more correct form of
convected wave equation which wou!d give better analysis and prediction of the
generation and radiation of aerodynamic noise, must contain only terms of
quadratic and higher order in the perturbation quantities, retained and placed
on the right-hand side as a source function. The "true source" model proposed
by Phillips did not meet this criterion due to the inclusion of a shear refrac-
tion term on the right-hand side of his equation.

This basic fact was recognized some time ago by Pridmore-Brown2 4 and by
Mungur and his co-workers 25,26, in analyzing the propagation of sound in flow
ducts with sheared flow. Evidence from flow duct experiments2 7 shows con-
clusively that the effects of both Phillips' convection terms and the shear
refraction term are significant. Thus, in his review9 , Doak concluded that
because of the conclusive evidence concerning the shear refraction terms, none
of the existing theoretical predictions of aerodynamic noise from either mix-
ing regions or boundary layers, could be regarded as complete and correct.
"At best all predictions are incomplete; at worst they are incorrect."

This review has laid the foundation for the requirements of an unambiguous,
theoretical approach to the problem of defining aerodynamic noise generation, in
general, and jet noise, in particular. In the following sections, a unified
theory of aerodynamic noise generation and a theory for jet noise generation
from a region of parallel transversely sheared flow which meets the requirements
detailed above will be outlined.
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3. THEORETICAL DEVELOPMENTS IN JET NOISE

As a part of the fundamental studies supported by the AFAPL and DOT on
supersonic jet noise in Phase I, Doak 9 developed a unified theory of aerody-
namic noise generation and Lilley2B completed his work on jet noise generation
in a parallel transversely sheared heated flow and reported on his final theo-
retical result which is now termed the Lilley equation. In the following, a
brief summary of Doak's discussion will be presented, Including a discussion
of the relevance of his method of identification of acoustic, thermal, and
vortical components in noise generation and radiation. Following this,
Lilley's equation will be derived and its adherence to the rules of identifi-
cation introduced by Doak will be demonstrated.

3.1 DOAK'S UNIFIED THEORY OF AERODYNAMIC NOISE GENERATION

Doak29 began his work on a unified theory of noise generation In the early
1960's when he published his work on inhomogeneous acoustic wave equations for
conthiiuous media. In this early work he developed the fundamental Ideas
"... relevant to the identification of the actual physical sources of internally
generated sound and to the formulation of the theory in such a way that these
can be convincingly related to physical quantities that are measurable in
practice." He derived an inhomogeneous convected wave equation in terms of mass
density fluctuation for sound generation in a continuous medium, however, this
derivation suffered from many of the problems with which Phillips 23 also was
faced. This result had linear terms on the right-hand side in the
P.(avi/Dxj)(avj/axi) .... type terms and thus was not suitable for properly
separating generation from propagation.

However, in his work during the Phase I studies, Doak 9 fully realized the
significance of the distinction between source and acoustic terms in consider-
Ing aerodynamic noise generation as outlined in the previous section. In order
that the impact of Doak's thinking not be diluted, the present section will
include the relevant extractions from his work on the Importance of clear
identification of source terms and propagation or diffusion terms.

On the type of dependent field variable to use, it is stated:

The U t Atep toweAdh achieving the "epuate" undeAtanding o6 'al
the phenomena o6 compuehibte, otationa2 Slow,' that Ctow ha 6ug-
ge6ted aa neceA aAy 6o the probeem o6 aeAodynamic 6ound (,e Re6. 22,
p. 43), obviouLq mwt be to identi6y the va4ou,6 phenomena. Having
peviou,6y aAAived at geneuza conctauion-6 Amiar to thoe exp~aued
by Cofw, Voak had 6tadied 6ome aopect. o6 thi6 ptob6tem o6 identia6da-
tion29 -3 1 , and had tateA come to the conc u.£on3 2 ,3 3 that a 6a t&6ac-
toty identi6ication coatd not be achieved i6 preme, ma density
and pa tice velocity we.e regarded a6 the p~ima4y, dependent 6ietd
va tabtez. Pincipat among the con6idtwtion,6 leading to this con-

A son w the 6act that the Pftdmooe-Btown shea.4 teuaction
teAm2 4- 26 , 2 8 ,34 could not be iaolated and unambiguouzLy identified
except in the 6peciat caae o6 a Stow with a pwrety t~uve.e 6hema
(&ee the discu,&6onz oJ LiLUey',6 theo4y 21 in rederence 9), when

23



patticte veto city wa6 ui~ed aA a p'zimaty dependent fJZetd va~abte. A
tho~tough 6t*d oJ the matkmaticat diiiicuttie6 invotved in etimi-
nating cextain 6ie.&i va'iabteA in 6avoL o6 otheAz, 6'tom the baaic
tzanspocxt equation6, 6howed thatti tack o6 geneutiLty o6 the
P'Lidmout-&wwn 6hAm xe .ction teAm coutd be tuiced in pa~t to the
6act that, c&t n the paUxtcte ve.Zocity i6 Spa'ated into i6 unique
.itota-tionat and &6otenoidal cornponentU, neitheA the mean o6 the
iuotationat component no&~ that o6 the .6otenoidat component i6 nec-
e46aAityL ze~~o. Thi6 ha6 the con.6eqaence that, tht'ough the equation
o6 ma6. tapo~t, the m den~ity appeau to have a ditect depen-
dence upon both the ivtotationaX and,6otenoidat componentA 06 the
paWa-te vetocity. Thi4 con6equence, Zn Am, ptaq6 a a6ignidicant
tote Zn piteventing the etiminatAion 06 any too 06 the thue 4catwL
6ietd va.~iabta. (p~te.e, maA. den6ity and the .6cata4 vetoeity
potentat) 64Gom pviv, ap 04 derivatva~, Zn 6avop, o6 the tlwtd.
Thu6, one cannot obto.Zn an inhomogeneows6 pat.ti di66e.entLat
equation 604t any zcatzaA quantity, Zn teAma o6 qantti>e a.66ocated
with the 4o.Cenoidat parte vetoc!ty 6Jcetd, w~ch coutd be "a6umed
to be known mop~e 04% te6A independenttq.

It appeau that the beAt that can be done, with the p'wticte vetoc-
itq a4 a 6ZetCd va~iabte, i,6 to pitoduce .uce6Uive app'wzimation
,6cheme.6, tike those o6 Chu and Kovazznay 35, ,% 4 Motdey 36, 04 to
obtain Joitmtationii vatid to Aecond mdVL tike that 06 LZteey28,
whel~ea,6 the aim i6 to paoduce a geneauty vatid .6y6tem o6 coupted
paAti.a dZ6de~entiaL equation,6 604% the "acou~tic," "twbutext" and
"thermatL" cornpunentU 06 the motion, which %educe to the Stokea-
Ki,%cho6-Rayteigh .6y~tem in the *timit o6 smaUt amp! tude6 and amaUt
p'adient;6. Ph.Ltip6' equation and the genetized Rayteigh eqwa-
tion69 6u66e4t 64Gom exactty the zame dZ66icdty, which £04t theae
eqwxtion6 appeawu ptincipalty a6 the in,6otub~e puobem? o6 etiminat-
Zng, Zn the genexo2 cahe, two o6 the t~ee 4catoA' dietd vwiabte6
£Jcm Phittipz' .6uppo.6ed ",60uce" Weon, (avg/axj)(avj/axi).

The cteaA i.mpication o6 such unauccea.66ut exe~ci6e6 o6 e~imuwti.on
06 .6cataA vamiabtez, e6peciaity Zn view o6 the Jact that 6ome oA
the dZ66icuttie c.e Zn the 4etationhip6 impo~ed by the m"A4
ta'6po~t equatiZon, wa.6 that anotheA vecto4 6ietd va~iabte, otheit
than the pahticte vetocity, 6houtd be t~tied, and that it .6houtd be
a va~iabte that p'ioduced an a-smpte-a6-po64ibte 6o~.m 06 the ma6.
tzanpo~t equation. Obviou61y. the,%edo'e, the tineaA momentum
denhitq wa6 a po~zibte choice o6 dependent vectot 6ietd va4ZaL)Le,
Zn ptace 96 the pa'titcte velocay.

He then goes on to justify his scheme for identifying the separate
"1acoustic," "thermal," and "'vortical" components of notion.

F~t, theAe i£6 a aingte, .6mpte, obi'OU6 and by it6e16 whotty
6u6Zc.ent 4ea,6on why an identidication .6cheme iz ncce66a'y, on
conceptuat 940und6. Thi£6 i6 that the queation 'How i4 sound
genvtated in a diztwtbed 6tow?' 1.6 comptetety maningtezz uneeA4
one know0 what "16ound" "6 "in" the di4stw~bed 6tow. The acowtic
anatogy theonZes mie 64amed on the pu'LmL[e that thUZ6 queetioa
cannot be anzweted, in ptactice, becat~we conditton, inAzde the
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dihtutbed tow a.~e too compicated. Wi~th the.6e theo*.ia~, o-ven at
be~t ono uocitio o6an xent 6udit wheahpt-

camCV A4s twbed 6tow i6 po6aite and the question 06 how thiA
extemtat 6ield i4 geneMated can be an6weAed onty by an "las ii"'
analogy. Such an ao.6ociation is not geneuollg po&zibte becau~e o6
the pt.acticat. dijicuLties in obtaining independen-t e~timates o6
cettain eqivaten~t 4ouixce teim6.

Second, the~e i6 a p4lctica., a4 wett aa conceptual )tea.60n why an
identiication Acheme i6 nece~a4yu. Accuite ob.6e'wation by
meauwemen-t6 o6 the cornpticated condition.6 in,6ide a di.6twtbed (stow
i.6 ve~'y d6iccuUt and co6tty in both time and equipment. Uttimatet,
£'zAetevan~t mea6uAement6 o6 "equivalent" quantitiea, %'atheA than o6
the e6,entiat quanti eAi, ate theAedwte particutoAty wa6teduL.

Thi.'d, a theo4y that i,6 not a unidied theoty i6 no theouty at atl,
but mve.ety a cotection o6 'ute&. A6 the ob6e~'wation by C'tow
implle6, ae4odynamic Aound geneati'on i6~ an int~r.Zic pakt o6 the
whote p4obtem o6 cornpte~esLbte, 'toaionat, 6tuctuating 6&,Zd dtow,
and muw6t be conaide~ted aa zuch. It mu.6t, the'e604e, eventuatg be
6oAmuated a4 a patrt o6 thi6 uote p.'wbtem. The 6cience o6 mag-
neti~m could conceivabey .6ti.U be ukotty and "rno.' ea6ity"
deiAc~bed, a,6 it once wa.6, i.n tezma 06 actuat and/o't equivatent
magnetic dipote64 a4 .6ou)Lce, with the Biot-Savakt Law conaigned to
obtivion, but i6 thi6 pkiLohophy had been adopted in the pa6t,
the~e would now be no 6cien~ce o6 etectomagneti~m.

Founth, and dinaltly, even i6 it i,6 acknowtedged that an identidi-
cation Adchr'e ia nece.66a~y, it might be wigued that nothing betteA
than the genvwtized Rayteigh equation.6 i6 eitheA needed 0'? de6L'-
abte. A6teA att, theze equation6 can be intetpueted, 6o0% the
du~iued pu~po.6e o6 iden-ti6ication, tvtough a zuece~sive appkorxima-
tion .6cheme invotvin unambiguouvtj identidiabte highejt-otdeL
inteAactiona, .6uch u6 that o6 Chu and Kovah6znay35. in th. cewe,
o6 cowr.~e, the geneulized Rayteigh 6o?m o6 PhitWipa equation,
would be that taken a.6 generto.y "identidying" the "acouw6tic" type
o6 motion. A6 tong a6 nothing bette't can be dound, it would
cettointy be best to adopt the geneiw.Zized Rayteigh equation.6 604%
tla6 putpo,%e, and to develop apptop'iate apptoximate 6o?matfi-6m6
64Gm them, 6o,% pa~ticutm' c~ae6 06 apptication,6. Th.£6, in 6act,
i6 what phtp63, Litley28, and othe.z wojking 64Gom Philtp&
equation haedone, 04t attempted to do. NeveAthetew4, Ut £6
abundantey cleaA, 64Gom the many detailed commen-tA made pueviowtty
in thiA %eview (about, 604 exam pte, .the wiea,% 4e6uLction WeO
di66icuttie6, the cwbveuomenea66 06 succez66ive apptoximation
met hod6, and the eliminattion and .6pecidic identidication puoblem
mentioned in the 6iA'v~t th'tee patagu'~phz 06 thi6 Aection), thtat the
g ~nreautzed Rayteigh equa-tiona do not ptovide a Logically sat£6 -
6acto~ty identidication scheme in the gene'iat ca6e, and that
ce'tain 06 the nontinewt tewm 4 n theae equtationh6 give W£e to
special dL66icultie 06 in-teAp4etation and teduction in speci~ic
p'Lact(cat apptications. Thu.6, aj 6something betteA than the
geneu't~tzed Rayteigh equation,6 can be joLund, theme i.6 cextainty
46cope 604 it4 u,6e.
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Following this, Doak9 outlines his -hoice of primary field variables and
justifys that choice:

As ptimAy dependent dietd vaAiabta 6oA a Stokeian euid (o& otheA
continuum), Doak wo6eh the pue.6sute, p, the ma s density, p, and
the Uneat momentum density, pvi. The tineak momentum density i
sepauted iLnto its uque botenodat and iuotationat paAt6:

pvi -Bi - a*/3x i  (3-1)

tohe~e

Bi  curl () (3-2)

0B i / x =_ .
( 3 -3 )

Aand * ae th s, uehpectiety, the vecto' and sca a potentiat6 o6
the ineat momentum densit. A6 a vector 6ietd va4.bte, the tineaA
momentum den6ity has centain p.oi advantageh oveL the pa'Lt t.e
vetoc :t. Fiutt is the wet- now act that the inea& momentum oj
any system o6 phticteh can be changed onty by the action o6 exteunat
6oicea. As 6oA "6 the system it6et6 i conceAned, it i thee6oe a
con6e.ved quantity, iuespectve o6 the natwe o6 the inte'mat inteA-
action 6ortca. Second, the Unea momentum density is to home extent
more diLUatt measutabte than pattcte veZoct~y. Fo/L exampte, a hot-
wi4e anemomreteAis known to more neaAtJ meahu e tinea' momentum
density then pa4ticLe vetocity.

A point to be made in passing is that this particular advantage Is no
longer a very strong reason, since as will be discussed later in this summary,
we have developed a laser velocimeter for measuring the components of fluctuat-
ing velocity In supersonic heated flows.

In concluding his remarks concerning the selection of field variables,
Doak states:

Thus, tith the auxZtiwuj condition that BI i puetJ hotenoidat,
the~e ae t 'ee p'tkAi., hcatt 6etd vatiablte (p, p and *) and one
p.maty vec.toL 6ietd vaziabLe (BI). In tehpect to the object vu
o6 an identi cation hcheme, the advantages od these 6ietd vatiabtez
a,.e at once appotent 6'tom the mass tAan 6pot equation, wich becomeh
hsimpfa (and exactty,

a4 - at (3-4)

a Poishon eqation 6o't the hcataLt potentita i .n tevh o6 the 'tate
o6 change 6 mass d ity ah a souAce teAm.
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Finally, Doak names his new field variables:

... The ,~Aw.&v potentiat, *, oi.the LUta momientu dehitg cam be
4tegoAded, 604 .Zdentijicttixon pu~po6eA, a4 dependiq ng upon the
6Ituctuating mu6 den&ity (and vice ve.ua) and not at att ex-
pticitty, upon eitheA the .hotenoidat Unea momentum denhZ-ty, BI,
o4 the pi~ ue p. To thuh identi~y thehe quantiteA, *' and p',
Doak hah6 catted them Eyndyaic, meaninq 'a.ociLated with time-
va~ying ma, denhity I (by anatogy to ' etettodynefmtc,I wich o06
couuhe mean6 'aa6ocioated with veA.ying etectricaX cha~ge denhity' 32
Since a*j/axi iA thu4, by de6Znition, the pyknodynamic, paAt o6 the
tneavL momentum denhity, 6o Bi mu6t, by togicat corthequence 06 thL6,
be called the pyknohtatic paAt o6 the UneaA momentum deni&ty.

These variables are used to derive a wave-type equation which Doak says
leads to:

Nat wwl and phy6Zcolty meaning6ut ident6Zcationh6 o6 'acouAtWc and
'theunat' pa~t6 06 the 6tuctwxting maa, denhity, .6catak potential
and pyknoa;"'a4w..c pke6ue. The JAehuttng equationa peAmit etfimina-
tion o6 the lacouh6tic' paUth o6 the pte6&6ue and mah,6 denhity in
davoA 06 the 'acou.6tic pa.~t 06 the 6catak potentiat, 604% whitch a
6ou'ith o,%deA' inhomogeneou,6 pa~tWa dZ66eAentixt equa~tion can beIobtained [equati.on (43) 06 'ru6eAnce 331.

Atho he heA 6hown that undeA .6omewhat moue geneiwl conciiU.on, a
6Zdth o~deA Znhomogeneoua patict dL66euntWa equation 604% the
totol 6tu.-..tuating AcafaA potent;at can be obtained [equa~tion (25)
06 4e6eAence 33].

ThuA, taken toge-theA, the 6tudie.6 06 Voak32,33 and Ctow22 p~ovide
ve)Ly 6tLong evidence that, 604% the enti4e kang e o6 Aub~onic and
.6upeAuonic jet 6tow.6, (a) onty the ";aabItent" and "theAmatif
6eucuatiLon can be kegoAded a" con-tAibuting to the geneiwation o6
ae~odynamic hound and (b) the convection and 4e6/rction 06 the
aound by the di~twtbed 6tow muzt be takzen in-to account expticitty.

In a later development, Doak37 showed that his theory, in the limit of a
transversely sheared, parallel flow, reduced to a generalized analog of the
Landahl-Lilley equation.

Of Lilley's equation, he unequivocally stated9:

It h". to be conctuded that none o6 the exihting theoueticot pte-
diction6 o6 avwdynamic noze 6&0m eiLtheA mixing 4egion.6 04 bounda~y
tayeu, excepting onty that o6 Li.1ey28 can be tega~ded at p'te&eat
a4 cornptete and coAAect. At beht aUt otheA p'tediction.6 a~e Zncom-
ptete; at wout they a~e ZncoA~ect. Fo4% 6utt empha.6 06 Ak" point,
i au to be added that 'att otheAV Zn thLA context rneAn, 'abh6ofutety
at,' othe.'t ptecictionh6 06 the geneuwtion and 'udiation 06 aevwdynamic
noi.6e 64om jet mixi~g %egionA and boundaiy tayeu , and Znctudea the
pedictionz o6 Li.Qthit, Ri.bneA, Powett, Phittiph6, F6owcA Wittiam ,
COWw, Pao and Lowh on, a~id aUt puedictions made by otheu whing the
b04Zc 6omuationh oS the,6e awthouc. In SchubeAt'h6 wok 8 aL~o,
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becawue o6 W~i a~amption 06 a 4e&Ltivety tow Mach numbeL and hi6
adoption o Ob6uzhov's 'qua6i-potentiaL,' it tutn out that the hma4
re6tac-tion e6eeat have not been compte.te.j taken Znto account.
LUitey'a6 /ecent wo~'k28 i, the onty 6oizmu.Lation o6 an aeitodynmi~c
noue eneution and Aadiauton pIobtem in which the A u eaction
teu6 have been p'opeg tecognized and inctuded.

Thus, while Doak's theory was not reduced to numerical solution during
this program, it provided the foundation for a unified theory of supersonic
jet noise generation and furthermore formed the very fundamental yardstick for
the evaluation of other Jet noise theories.

It has been briefly remarked that Lilley's equation was the foundation of
our analytical and numerical results In the detailed study of supersonic jet
noise. Thus, to set the stage for work to follow, the derivation of Lilley's
equation will be outlined.

3.2 LILLEY'S EQUATION

A derivation of Lilley's convected wave equation is accomplished in the
following manner28. For an inviscid, ideal, non-thermally conducting gas

3vk  0 (mass balance)
p Dt +xk

Dvi +1 2p 0 (linear momentum balance)

Dt p axi (3-5)

1 2 p-.. Ip - 0 (energy balance - isentropy

p Dt p Dt condition).

With the aid of the definitions

r log p/p.

a2 yp/p (local isentropic sound speed)

where p is a constant, reference pressure, these three equations can be
combine3 into two equations in r, a. and vi:

Dr + Y = O, (3-6)

Dt 3xk

a2 3r Dvi (3)ax1  =t

Taking the divergence of the second of these two equations and subtracting
from it the material derivative of Equation (3-6) gives Phillips' equation2 3:
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; a ( r . D2r 'Vai

axi aBx/ Dt xxi (3-8)

It can be shown that the material derivative of Equation (3-8) produces [upon
making use of (3-7)]:

D - a-a ) rDr -(2R 2Y avia'v' vk (3-9)
t ax I X DtO aXi axj 8 xj axk 3xi

Consider now the perturbation situation assumed by Lilley, namely

- (p +p')
r - log ?_ a log = p'/p - ro (3-10)

PC* 
P.

(i.e., the mean pressure is uniform and the pressure fluctuations are relatively
small) ;

Vi- ( (X2) + v;, v2, v3) (3-11)

where the fluctuating velocity components are small compared to the speed of
sound;

82 . 2(x2) + a
2' . a

2 (x2) + i2(x)[ P- - (3-12)
(X2) P[ PJ312

For these assumptions, Equation (3-9) becomes

5 r' 5 _ _ _.a '\ + 2 (X2) 2 .
Dt3  t axI ax / ax2  ax \

- 6y 2 aVk
ax2  axk axi

-2Y + higher order terms. (3-13)axj 3xk axi

This is the usual general form of Lilley's equation and it completely
satisfies the requirements of having all linear acoustic/mean flow and acoustic/
mean temperature interaction terms on the left-hand side, while the remainder of
the terms on the right-hand side are quadratic or higher order in the fluctuation
quantities.
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4. SUMMARY OF RESULTS

The review material and theoretical development presented in Sections 2
and 3 portrays the situation at the beginning of the Phase II contract, which
was a complete theoretical and experimental investigation of the generation
and radiation of supersonic Jet noise. The initial theoretical approach had
been selected in the Phase I conceptual studies and the experimental problems
which had to be dealt with were determined. These problem areas had to be
solved to achieve the goal of providing accurate data (i) for verification of
the theory, once numerical solution had been accomplished, and (ii) to provide
a basis for analytical model development, as necessary.

The specific program objectives were:

(1) the study of solutions to and limitations of and development of
extensions to Lilley's theory of jet noise generation; this study would consist
of (a) the further development of a deterministic large-scale model of turbu-
lence as a source of jet noise, (b) the study of numerical solutions of
Lilley's theory for assumed Jet noise source distributions, and (c) the study
of numerical solutions of Lilley's theory for Jet noise source distributions
computed from the deterministic turbulence model;

(2) the development of and qualification of anechoic facilities suitable
for measurement of far-field, high-temperature supersonic jet noise without
significant interference with the noise gen !ration and radiation process;

(3) the acquisition and analysis of data from jet noise and turbulence
experiments necessary for validation of the theoretical models and predictions;
n addition, these experiments were to provide the basis for new theoretical

n,,dels as required; and

(4) the development of optical instrumentation for providing the necessary
turbulence data, in this case a laser velocimeter for the measurement of turbu-
lence velocity Intensity, scale, spectra and convection speeds, as well as mean
flow velocity. In addition, the instrument must provide cross-spectra and
cross-correlation information from orthogonal turbulence components at a point.

At the end of the Phase I "conceptual study" program, the state-of-the-art
theory had been established. It was also established at that time that several
problems existed with regard to experimental observations. The published jet
noise experimental data suffered from several problems which fell in the
following categories:

o Facility contamination - The majority of published data appeared to
suffer from some form of this problem. Contamination resulted from
(i) free-field interference which ranged from reflections from wedges
in ill.designed anechoic rooms to ground reflections in outside facili-
ties, (ii) jet mixing interference such as insufficient entrainment air
or wake impingement in anechoic rooms, and (iii) upstream noise and
turbulence in jet rigs leading to erroneous far-field noise scaling
laws.
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o Inadequate envelope of jet operating conditions - There was no single
data source which covered the desired span of exit velocity and temper-
ature. There were many ad hoc tests which covered selected portions of
the data range, but as a result of suspected facility contamination,
many of these were questionable to some degree.

o Separation of effects -All of the supersonic Jet noise data published
contained both shock-associated noise as well as turbulent mixing noise.
There had been no attempt to separate the effects by testing with
properly designed convergent-divergent nozzles. We had designed and
manufactured three con-div nozzles In the Phase I program and had con-
ducted preliminary tests In an available anechoic room, but were faced
with some of the facility contamination problems discussed above.

In addition to the Jet noise data problems, there was no Instrumentation
available for measuring turbulence characteristics In a high temperature super-
sonic flow. The Laser Velocimeter (LV) had been identified as the most pro-
mising Instrument for accomplishing this and the development of an LV, which
measured components of mean and turbulent velocity and turbulent spectra in
this high temperature supersonic flow environment, was a goal during this
program.

In this section the experimental program will be discussed, Including
reference to facility or instrument validation. Following this will be a
summary of the results obtained in the theoretical and numerical studies.

4.1 EXPERIMENTAL PROGRAM

This subsection will include descriptions of the results from both the
noise and the Jet flow experiments. Complete descriptions of these results are
given in the interim report and Volume II of this final report.

4.1.1 Jet Noise Experiments

The Jet noise program was conducted in two phases. In the first phase,
the turbulent mixing noise was carefully examined. In order to accomplish this,
in addition to extraordinary care in the facility design and calibration, a set
of three carefully designed and precisely machined convergent-divergent nozzles
were tested at their design operating conditions (as determined optically from
Schlieren photographs) in order to eliminate the noise of shocked Jet flow.
The shock-associated Jet mixing noise was studied by conducting tests at condi-
tions equivalent to the turbulent mixing noise test conditions, but with a
convergent nozzle, incorporating screech suppression. Thus, the shock-
associated noise contained only the broad-band component associated with turbu-
lence-shock cell interaction.

Before conducting the noise tests, the facility was subjected to extensive
calibration testing. These calibrations consisted of Inverse square law tests
in the anechoic free-field environment, ambient noise tests, Instrumentation
noise tests, jet rig internal noise tests, and jet noise near-field/far-field
determination. These results are summarized in Appendix I.
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4.1.1.1 Turbulent mixing noise experiments

Results from jet noise experiments have been published in the past by a
large number of investigators. However, one of the most useful studies was
that conducted by Lush 5, in which the characteristics of turbulent mixing noise
from unheated jets operated at subsonic exhaust velocities were examined experi-
mentally in great depth. The inadequacies of the freely-convecting quadrupole
theories i-4 , which do not account for the changes in radiation efficiency due
to the shrouding of the sound sources in a Jet flow by the mean flow environment,
were highlighted by Lush (as discussed in detail in Section 2 of this report)
over his restricted regime of Jet operating conditions. As we now know, these
differences between Lighthill theory and experiment are a result of acoustical
mean flow Interactions, and the detailed differences must be carefully docu-
mented in addition to providing data for detailed comparison with Lilley theory
solutions.

In order to study these acoustic/mean-flow interaction effects quant!ta-
tuvely at mix operating conditions of Interest, It was vital to obtain
turbulent mixing noise data of high accuracy over extensive ranges of jet
velocity and exhaust temperature and to experimentally Isolate the effects of
velocity and temperature.

In order to accomplish this, the range of Interest of the Jet noise control
parameters at the exhaust (velocity and temperature) was determined and a map of
the various Interrelated parameters (i.e., pressure ratio, density, Mach number,
stagnation temperature) was constructed. This is shown in Figure 4.1. Since
Jet static temperature and Jet velocity are the noise control parameters, a test
plan was devised with independent variations of each of these. In the turbulent
noise tests, ik was necessary to minimize shock noise contamination. Thus,
three convergent-divergent nozzles were designed by the method of characteris-
tics, constructed from inconel and tested to find the actual operating point.
These nozzles are represented by the Mach 1.4, 1.7, and 2.0 lines in Figure
4.1. The convergent nozzle was used for all tests up to pressure ratios of
1.89. Note also that the variation of specific heat ratio, y, with stagnation
temperature was incorporated in the design of the test diagram, as y varies
from 1.40 at ambient temperature to 1.31 at 20000 F.

It is convenient to discuss the experimental results first at 900 , in order
to minimize the added complications of flow acoustic interactions, and then to
show the effects at ether angles. There are three interesting velocity ranges
in which to examine .he temperature effects on spectra at 900. These three
ranges are illustrated in Figure 4.2 wnich shows the velocity dependence of
overall noise at 900 for four values of let temperature. The isothermal case
(Tj/T O - 1) shows the expected 8th power velocity dependence (actually 7.5
powers, to be discussed later). However, as the temperature is increased, two
apparently different effects are observed. At higF velocity, the noise is
reduced as expected from dimensional analysis based on Lighthill's theory.
However, at low velocity, an increase in temperature causes an increase in noise

tThis section suinarizes the results of jet noise experim.on!8 conducted during

the Phase II program. More complete discussions of these tests and the data
are found in References 38, 39, and 40 and Volume II, Section 2 of this report.
A complete listing of the turbulent mixing noise data is included in Volume IV.
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leading to speculation of the existence of an additional noise source. A de-
tailed examination of the spectra for velocities below, at and above the
reversal of temperature effects reveals other clues concerning the origin of
the observed effect.

Figure 4.3 shows a comparison of measured spectra at low speed, Vj/a o -0.4,
for the isothermal Jet (test point 2, see Figure 4.1) and at a high temperature
(TP 41). The isotherma; jet shows the characteristic broadband spectrum while
the effect of elevated temperature clearly is to provide a significant noise
increase, particularly in the lower frequencies.

Results for a medium velocity, Vj/a o - 0.8, are shown in Figure 4.4. Here
all measurements on the constant velocity line between TP 6 and TP 45 have been
included. At first sight It Is tempting to conclude that the lower frequency
portion of the spectrum is Independent of temperature, while clearly the higher
frequencies decrease progressively with increased temperature. However, a
careful review of the data at a series of velocities in this region, indicated
that this is an oversimplified view. As can be seen from Figure 4.4, the
levels at these lower frequencies first decrease as one proceeds from TP 6 to
TP 18 and then begin to increase again as the temperature Is further increased.

Finally, at high velocity, it is observed that the spectrum decreases
uniformly with increased temperature as shown in Figure 4.5. As can b: seen
from Figure 4.1, this data for Vj/a o - 1.

4
7 , covering the vertical line from

TP 62 to TP 49, yields a large range of Jet efflux temperature (i.e., Tj/T o
varies by a factor of 5 between the lowest and the highest values). In the
high frequency range, above 10 kHz, the spectrum for TP 52 actually crosses
that for the lower temperature, TP 57. It was thought at first that this was
indicative of shock-associated noise, due perhaps to poor "on-design" operation
of this particular M -1.40 nozzle. However, a systematic study of other data
indicated that this uncharacteristic high-frequency contribution occurred
irrespective of the velocity line considered and always was associated with the
test point on that line for which the jet efflux temperature was closest to the
ambient temperature; I.e., the rate of decrease of spectral level above 10 kHz
was always at a minimum for the isothermal jet. When the jet temperature was
different from the ambient, irrespective of the direction of this difference,
a more rapid decrease was observed.

From these experimental data, one can speculate on scaling laws. In the
early part of the Ihase II program, a semi-empirical scaling law model was
postulated in order to explain the measured results quantitatively. This
scaling law model consisted of two noise sources. The first was "Reynolds
shear stress noise," and the second was referred to as the "temperature fluc-
tuation noise." The starting point for this model was an equation for sound
pressure,

(ps) ( Vj 2 __n (2 (V
P M aI a0 /LJ ) 2 (T~ )\aJ (4-1)

The first term represents "Reynolds shear stress noise" that dominates at high
Vi/ao, whereas the second term represents "temperature fluctuation noise" that
dominates at low Vj/a o and high Tj/T o jet operation. It also will be noted
that, for the moment, the power law dependence on velocity of the Reynolds
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shear stress term has been left to be detemined. The (Vj/ao)2 portion of the
dependence arises from the second time derivative on the assumption of the
Strouhal number dependence of the acoustIc radiation. The value of n, however,
depends essentially on the variation of mean square turbulence level with
velocity.

The postulated model indicates that the velocity dependence of the Reynolds
shear stress contribution should be obtained from data for which the Jet efflux
temperature is equal to the ambient. In this case the second term on the right-
hand side of the above equation is precisely zero. The velocity dependence
therefore was obtained from spectra measu.ed along the horizontal line of Figure
4.1, joining test points 1 and 63. After considerable examination of the data,
it was found that the intensity for the isothermal case scaled best with 7.5
powers of velocity. This suggests that the turbulence Intensity does not scale
linearly with mean velocity and, In fact, suggests a turbulence scaling of
/' ,Vj0. 875. This Implies that the normally accepted peak turbulence level
of 14.5 (from available hot-wire measurements) at velocities of the order
Vj/a o - 0.5 might decrease to about 12% at Vj/ao-2.0. This point will be dis-
cussed in more detail later, when high velocity turbulence measurements with
the Lockheed-Georgia Laser Velocimeter (LV) are presented, which qualitatively
support the observation above from the 900 acoustic data.

It was also possible to establish a temperature scaling factor. This was
determined to be of the form suggested above by examining the data at a constant
velocity ratio for variation in jet temperature.

The somewhat surprising aspect of this data examination was that the scal-
ing law model compared favorably with the measurements only when the two noise
sources were assumed to be completely correlated in the statistical sense. The
final form of the scaling law for noise radiation at 900 was found to be

S() a2 + 2 /b2

where

a2 =Sm(Ws) sTo (a

b- ST(ws) JUT a

and where Sm(ws) and ST(w s) are the master shear stress noise and master tem-
perature fluctuation noise spectra, respectively, and are given In Figure 4.6.
Ts is the source region temperature, AT is the temperature difference Tj -To ,
and w/ws =Vj/ao (for scaling purposes). An example of the validity and useful-
ness of the scaling law model is shown in Figure 4.7, where a comparison be-
tween the measured and predicted overall SPL's for all data at 900 is presented.

It Is emphasized that although the semi-empirical scaling law model
summarized above was found to be accurate for the prediction of noise at 900
to tI.e jet axis, and indeed can be used for prediction purposes in the future,
the theoreticai work conducted subsequently during the Phase II program (and
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discussed later in this section) provides more physically realistic for the
temperature effects at 900.

In order to examine the effects of temperature at other angles, it is
useful to examine the directivity of overall Intensity, shown in Figures 4.8
through 4.10 to gain an overall impression. At low velocity (Vj/ao - 0.5, it
can be seen that the effect of heating observed previously at e-90* holds at
all angles; that is, the noise increases with heating. The directivitles for
Tj/T o - 1 and 3.4 are virtually parallel. On the other hand, at the medium Jet
velocity ratio of 0.9, the effect of heating is to produce a decrease in noise
level. It is interesting to note that in Figure 4.9 over the range of Tj/T o
considered here, there Is no effect in the vicinity of e-400 , and as e in-
creases or decreases from 400, there is a progressive reduction in overall
intensity with heating. Finally, at Vj/a o - 1.47 (Figure 4.10), the reductions
become very large indeed, especially near the Jet axis.

The major effects of temperature on the noise spectrum and the variation
of these effects throughout the speed range are Illustrated in the vicinity of
the peak radiation angle at e-45' in Figures 4.11 through 4.13.

At low jet velocity (Vj/ao - 0 .5, Figure 4.11), the effect of elevated
temperature is to provide a significant noise increase at the lower frequencies,
and a significant noise reduction at the higher frequencies. As the jet velocity
Increases, the noise increase at lower frequencies becomes less dramatic, and at
high velocities (Vj/ao - 1.47, Figure 4.13), the ncise levels at these frequen-
cies in fact decrease with jet heating. In contrast, the effect at higher
frequencies does not reverse as one proceeds from low to high Vj/ao; the reduc-
tions in spectrum levels at these higher frequencies Increase in magnitude as
Vj/a o increases throughout the speed range.

At all velocities considered, the effects of jet heating described above
alter the peak frequencies in a consistent manner; the peak frequencies de-
crease as the jet exit temperature ratio increases from unity. This suggests
that it may be possible to scale the peak frequencies as a function of
temperature.

As discussed in Section 2, it is imperative for comparison with theoreti-
cal results to extract directivity information from the jet noise data for
constant source frequency. This was done in considerable detail for all the
data taken. Those results will be shown, as appropriate, when comparing theory
with experiment in Section 4.2.

4.1.1.2 Shock-associated noise

This experimenal study' deals in particular, with the broadband component
of shock-associated noise. To put the problem in perspective, when a conver-
gent nozzle is operated at subcritical pressure ratio or when a convergent-
divergent nozzle is operated at design pressure ratio, tl-- acoustic spectrum

t These results are described in detail in Volume II, Section 7 and complete

tabulations of the data are given in Volume IV.
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is broad and smooth, and consists -f turbulent mixing noise, On the other
hand, whe% a convergent nozzle is operated at supercritical pressure ratio
(under-expanded) or when a convergent-divergent nozzle is operated at off-
design Mach number (under-expanded or over-expanded), the resulting acoustic
spectrum contains an extra noise contribution, due to the presence of shock
structure in the jet Flow, in addition to the basic turbulent mixing noise.
The shock-related noise can be divided into two distinct types, each having its
own characteristic properties. The first component is discrete in nature,
usually with several harmonics, and is often referred to as tk.e "screech" com-
ponent. The second component is broadband in nature with a well-defined peak
frequency. The former has been studied fairly extensively in the past, whereas
the broadband shock-associated noise component has not 6een examined in great
detail. In the present study, it is this broadband component that is investi-
gated; and in order to examine its trends and dependencies accurately, the
contribution from the screech component to the total sound field is suppressed
without altering the turbulent mixing noise characteristics to any significant
extent.

From early work, it is well known that shock-associated noise is primarily
dependent on pressure ratio and is virtually Independent of jet temperature,
whereas turbulent mixing noise is controlled by velocity rather than pressure
ratio. Thus, it can be concluded that shock-associated noise will be most
significant in low-temperature, high velocity jet-. rurthermore, it is also
known that shock-associated noise is more or less omni-directional and would
thus be expected to dominate at angles where turbulent mixing noise is minimum,
that is, in the forward arc.

In order to quantitatively establish the characteristics of broadband

shock-associated noise, it was necessary to formulate a test plan comparable to
that described for turbulent mixing noise. In previous experimental Investi-
gations, it was observed that the intensity of shock-associated noise varied as

I _84, where $ - (Mj2 - 1)1.

Thus, as in the turbulent mixing noise tests, it is necessary to establish the
exact variation of intensity with the control parameter. This led to the con-
struction of a test diagram similar to Figure 4.1, as shown in Figure 4.14. In
addition to the parameters of interest, Tj/T 0 and 8, lines of constant velocity
ratio, Vj/ao , and constant stagnation temperature, TR/To are shown, based on
isotropiL relationships. Corresponden.e between the shock-associated noise
tests and the turbuient mixing noise tests occurs at 8 values of 0.94, 1.34,
and 1.70, which corresponds to the design conditions for the Mach 1.4, 1.7 and
2.0 con-div nozzles. In addition, the temperature conditions chosen are those
used for the turbulent mixing noise tests. Thus, for many of the test points,
the pure turbulent mi-xing noise data can be compared directly with the
s'iock-associated noise spectra.

To continue the preliminary assessment of the significance of broadband,
shock-associated noise, the effects of temperature and velocity ratio are shown
at three representative angles in Figure 4.15. In this chart, the turbulent
mixing noise from subsonic jets and supersonic jets operating at the design
pressure ratios is used as the reference and is displayed by the solid line and
open-circles, whereas the shock noise from a convergent nozzle is shown by the
solid symbols. This clearly shows the dominance of shock noise at large angles
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to the jet axis for super-critical pressure ratios. As temperature is increased,
the significance of shock noise decreases for a given velocity ratio.

As a means of both testing the validity of the previously observed 8 scal-
ing and further confirming the relative orders of magnitude of shock-associated
noise and turbulent mixing noise, the noise from the convergent nozzle test is
compared with turbulent mixing noise in Figure 4.16 for four different values of
jet temperature ratio. The combined noise from the convergent nozzle tests for
low values of 8 (just above choking) has approximately the same intensity value
as the pure turbulent mixing noise, with this turbulent mixing noise dominance
increasing with increasing temperature (corresponding to a velocity increase
for fixed 8). Once the shock-associated noise assumes dominance, 84 scaling is
observed up to 80 1 (M -1.4). Temperature appears to have only a minor effect
on overall shock-associated noise intensity at 1350 to the jet axis.

Finally, the variation of shock-associated noise with observer angle e is
examined in Figure 4.17, where the results from under-expanded and fully-expanded
Jets for 8-0.94 are compared at four values of Tj/To . For the unheated case
(Tj/To =0.73), the shock-associated noise dominates over the turbulent mixing
noise levels at all angles greater than the peak angle. As the jet efflux
temperature is increased, the turbulent mixing noise contribution Increases,
while the shock noise remains essentially unaltered. The relative significance
of shock-associated noise therefore diminishes as Tj/T o increases, and at the
highest temperature considered (Tj/TO - 2.27), the directivity In the rear arc
is primarily controlled by the mixing noise, whereas In the forward arc the
total noise levels are dominated by shock-associated noise. For all values of
Tj/To, the directivities from under-expanded Jets in the forward arc are
essentially flat, Indicating that the sound radiated by the presence of shocks
in a jet flow Is fairly omni-directional.

The spectral characteristics of broadband shock-associated noise are
illustrated in Figure 4.18, which shows narrow-band spectra of both pure turbu-
lent mixing noise from a C-D nozzle operating at Its design pressure ratio and
combined turbulent mixing/shock-associated noise from a convergent nozzle
operating at the same pressure ratio. It is observed that the shock noise con-
tribution does not modify the spectrum in the low frequency range, but at
frequencies above the peak frequency the shock noise dominance is maintained.

If the shock noise spectra are examined for a systematic variation with
emission angle, a rather ihteresting feature is observed. Figure 4.19 shows
the 1/3-octave spectra for the Isothermal Jet at a Mach number of 1.37
(8- 0.94) for a representative range of angles. For clarity the 1/3-octave
spectra at various anglus are plotted on a sliding vertical scale, and the
peak frequencies are joined by a broken curve. It can be seen that the peak
frequency of shock-associated noise decreases as the observer angle (relative
to the downstream jet axis) increases. It appears that the peak frequency
exhibits a Doppler shift phenomenon, at least in a qualitative manner.

This is confirmed by examining the data at all test conditions, which
supports the model, postulated by Harper-Bourne and Fisher4l, of a moving
source interacting with the stationary shock pattern as the noise generation
mechanism.
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Further examination of the frequency spectra revealed that the peak fre-
quency also scales on velocity, Mach number and diameter according to the
following relationship derived by Harper-Bourne and Fisher, fp cVj/$D.

The complete set of test results is presented in Volume IV of this report
and complete analysis of the results is given in Volume II.

4.1.2 Jet Flow Eyneriments

Once it was accepted that the Lilley theory and equation for a unidirec-
tional parallel radially-sheared flow was an acceptable model for studying both
Jet noise generation and the acoustic/mean flow interactions involved in
propagating the sound from the source region to the far field, it became
crucial to have an accurate description of all the Jet flow quantities, with
particular emphasis on the velocity. A vast body of data existed on low veloc-
ity jets from hot-wire measurements, but turbulence measurements in particular
were not available for Jets at supersonic velocity and/or high temperature.
The development of the Laser Velocimeter during this contract made it possible
to obtain a limited amount of information on mean velocity and turbulence
intensity and spectra near the end of the contract.

The Laser Velocimeter is described in Appendix It and the calibration (or

qualification) of the LV based on comparisons with hot-wire measurements are

given in Appendix III. In the following discussion, a summary of results from
measurements in high velocity jets and some basic scaling laws are given.tt

4.1.2.1 Jet flow measurements

The measurements in the jet were conducted under four Jet flow conditions:

Jet Mach Number, Mj Jet to Ambient Temp., Tj/To

1 0.28 1.00
2 0.90 1.00
3 1.37 1.00
4 0.90 2.32

(The absolute velocity of the jets in Cases 3 and 4 is the same.)

Radial and centerline distributions of the basic quantities (e.g. mran
velocity, and turbulence intensity) were obtained for these variations in Mach
number and temperatures leading to new insight into effectz of these on the jet
structure.

Radial distributions of the mean velocity exhibited dynamic similarity for
a given Mach number when plotted in terms of U/Vj and nl* (defined by

t The instrwnent developed by Lockheed-Georgia is described in detail in

Reference 38 and Volume II, Section 5.

ttThese data are described in detail in Reference 61 and Volume II, Section 6.
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(r ro. 5)/x]  The axial distance to which similarity could be achieved de-
pended ja Lhe jet Hach number, and varied from eight to sixteen diameters
downstream in the range of Mach numbers encountered. This distance correlated
directly with the potential core length and on thi basis of the present results,
was estimated to be twice the potential core length.

Radial distributions of the turbulence intensities and the covariance
u'v normalized by Vj and Vj2 , respectively, did not collapse. However, the
radial turbulence distributions appeared to vary consistently with changing
jet flow conditions, and the distributions were such that the peak occurred
near n* -0 at all axial locations where similarity existed in the mean velocity
distributions. The peak turbulence value generally tended to decrease with
both increasing downstream distance and Mach number. At Mach 0.28 and x/D-2.0,
the peak Intensity of the axial velocity fluctuations normalized by Vj was
about 18%, and the radial component was about 14%, and the peak value of the
covarlance was about 16 x 10-3 Vj . Figure 4.20 shows a summary of the peak
values of these turbulence characteristics as a function of the axial station
and the Mace. number.

The spreading rate of the mixing layer was observed to decrease with
increasing Mach number. This agreed with trends indicated by earlier studies
using pitot tubes. The rate of decrease was however more rapid in the present
study. Cary42 and Knott, et a143 carried out mean flow measurements using
respectively, an interferometer and a burst counter type LV. The spreading
rates determined from their results agreed with those found in the present
study; since they were using remote sensing instruments also, the agreement
would suggest that the present results are correct and that the pitot-tube
measurements were affected by having the measuring probe Inserted into the flow
region. An empirical equation was derived, based on the results for jets at
ambient temperature (Tj/To - 1.0), which related spread rate to Mach number. The
equation is given by: 6r-0.165-0.045 Mj2 , where 6n is the rate of change of
vorticity thickness with axial distance.

The decrease in spreading rate of the mixing layer in turn caused an in-
crease in the potential core length (xc) with increasing Mach number. The
relationship is given by: xc/D=-4 .3 + 1.1 Mj2.

Centerline distributions of the mean velocity and the turbulence intensi-
ties moved downstream with increasing Mach number. In particular, the axial
and radial turbulence intensity peaks were located at progressively greater
distance downstream with increasing Mach number. The movement of the curves
could be identified directly with the stretching of the potential core, and
distributions of the mean velocity were brought to a common curve when the
axial distance was normalized by the potential core length. Figure 4.21 shows
the collapsed data. However, such a good collapse was not possible with the
turbulence intensity distributions because of the general tendency for the
normalized turbulence Tntensities (u'/Vj and v'/Vq) to fall with increasing
Mach number. However, all the peaks of the distributions tended to be
located close to x/xc =2.0, thus giving support to the choice of the poten-
tial core length as a normalizing factor.

A general equation was derived based on Witze's formulation 44 of the
centerline distribution of the mean velocity. The equation is:

:where ro.5 is one-haZf of the centerlne velocity and U is the tocal

velocity.
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U/Vji=l -exp{cx/(I -x/xc)1, where xc is a function of the Mach number as ex-
pressed above, and a may be approximated by a constant value of 1.35. The
curve for this equation is also shown in Figure 4.21, and it is observed that
there is good agreement with the collapsed experimental results.

Radial distributions of the mean velocity at different Mach numbers were
found to collapse when the radial distance was expressed in terms of aon*
where a, i(0.165 -0.045 Mj2)" . Since o Is related to the more commonly used
spread parameter a used in G6rtler's solution by oa a1, the results are
plotted in terms of an* in Figure 4.22. The curve for G~rtler's error function
profile 45 is also shown. The agreement between the collapsed experimental data
and 'ortler's error function profile suggests that a general equation for the
radial distribution of the mean velocity for Jets of varying Mach numbers, may
be given by: U/Vj-O.5 {+erf an*}, where a-O10.7/( -0.27 Mj2).

Radial distributions of the mean radial velocity also collapsed when
plotted in terms of aln*.

The heated jet was not studied in as great a detail as were the Jets at
ambient temperature. However, there is sufficient data to throw some light on
the effect of heating the jet. It was found that for a constant Mach number
of 0.9, the heating of the jet had the tendency of increasing the spreading
rate of the jet mixing layer with a consequent reduction in the potential core
length. If the jet efflux velocity is kept constant and the jet heated (i.e.,
a comparison between case 2 and case 4 - Mj -0.9, Tj/T o -2.32 and Mj- 1.37,
Tj/To -1.0; Vj/a o  1.37) the Increase in spreading rate is greater than the
increase observed for heating at fixed jet exit Mach number.

4.1.2.2 Noise scaling at 900 based on turbulence scaling

Returning now to the discussion in Section 4.1.1.1 on noise scaling at
900 for isothermal jets, It was observed that the intensity varied as 7,5
powers of jet velocity , rather than 8, and a dimensional analysis pointed
to a slight reduction In the turbulence intensity with Mach number as the most
probable reason for this observed effect. The very simplified scaling pre-
sented in Section 4.1.1 suggested that for 7.5 powers of jet exit velocity, a
peak turbulence intensity functional relationship with jet exit velocity of

v' I Vj10 . 8 7 5

would be required. This type of dimensional analysis assumes that the turbu-
lence intensity peak and radial distributions are constant and similar,
respectively, in the annular mixing region. As can be observed from Figure
4.20, this is not true. Thus, to obtain an average peak value of turbulence
intensity, the observed peak values from Figure 4.20 are averaged in the
region from two diameters to the end of the potential core, which should be
a representative region for high frequency noise generation. From this
average peak at each Isothermal Mach number condition, the following power
law behavior between turbulence and jet exit velocity is obtained:

u'/Vj = .167 (Vj/ao) "'0 85

v'/Uj = .111 (Vj/ao)" 210
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Thus, the variation of peak turbulence intensity with jet exit velocity quali-
tatively exhibits the trend predicted from observaton of the acoustic intensity
at 900.

Based on the actual form of the measured variation with Mach number of
both radial and axial turbulence intensity as well as the variations of jet
spread rate and potential core length, and their effects on local Strouhal
number, a more rational scaling relationship between 900 noise radiation and
the turbulence can be derived. In doina this it is still convenient to assume
that the Jet density is constant and that refraction and source convection
effects may be neglected at 900. For transonic and supersonic velocities, the
neglect of refraction is questionable since 2,nsity gradients are significant
even for the Isothermal jet exit condition. From this dimensional analysis
(based on Lighthill's analysis1 O), the following scaling law is derived:

I(e -900, Tj/To -1) - (Vj/ao)6'8 [3.9 +(Vj/ao) 2 ].

In the region of 0.7 SV/a o 52, this relationship Is most closely approximated
by (within ±.5 dB)

I . (Vj/ao)7'5 ,

thus confirming that the modified power law behavior observed in the noise
measurements at 900 is directly related to changes in the jet structure due to
Mach number. One should be cautioned not to interpret the above result as an
indication of two types of sources, since the a+bM2 behavior Is a direct
result of potential core stretching with increasing Mach number.

This example above is probably the most elementary to which the turbulence
data will be applied; however, it is an out,.tanding demonstration of the use-
fuJness of an Instrument which can perform the detailed measurements of the jet
structure necessary to Identify and validate the origins of jet noise. The
potential utility of this instrument will be invaluable In jet noise and turLu-
lence research and it is envisioned that the instrument will be used routinely,
within 2-3 years in wind tunnel testing. Thus, what began as a development
project on an instrument for studying jet noise gteiration has opened new
vistas in several fields of aerodynamic research, development, and testing.

4.2 TURBULENT MIXING NOISE THEORY AND COMPARISON WITH EXPERIMENTt

As discussed in Section 3, Lilley's equation is an exact expression to
second order which specifically isolates, on the left-hand side, all the
linear fluctuating terms that are associated with sound propagation, includ-
ing interactions with mean flow and mean temperature gradients (within the
restriction of a parallel flow, with only radial gradients), while the right-
hand side contains only products of higher order fluctuating terms. The
equation is formulated in terms of the primary field variable of interest,
acoustic pressure.

'This work is described fully in References 28, 38, 46, 47, and 48, as well as
Volwne II, Section 3.
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Lilley's equation can be utilized to study radiation from various types
of multipole sources, either fixed or moving and either deterministic or
random. It can also be used to study the generation of sound in a turbulent
mixing region, provided the major characteristics of the turbulent velocity
fluctuations necessary to make up the source function are known. In addition,
the transition points of homogeneous Lilley equations are useful in determin-
ing regions within the flow field where propagation or else exponential decay
occurs. These regions of exponential decay, sometimes called "shadow zones"
have been used by Fisher and Szewczyk 49 to explain the operation of certain
types of suppressor nozzles. This phenomenon is referred to as shielding,
i.e. of the noise sources from the observer.

Thus, Lilley equation solutions permit identification and separation of
source generation effects from acoustic/mean flow interaction effects. It is
expected that this type of analysis will ultimately lead to an exact under-
standing of how various types of suppressor nozzles operate and will also form
the basis of a design tool for new suppressor nozzle concepts.

In this phase of the work, there were the major objectives stated in the
Introduction to Section 4, as well as severai sub-objectives. It had been
determined that the Lilley equation solutions would be considered only for
turbulent mixing noise studies and that shock-associated noise would be ex-
amined via another model, although the Lilley equation does not have this
restriction as such. The primary objectives then were to develop numcrical
solutions to Lilley's equation for assumed turbulent mixing noise source
distributions, and to compare these solutions with experiment over as broad
a range of velocity and temperature conditions possible. In order to
properly evaluate source solutions, it was necessary to devote significant
effort to source descriptions. In this regard, a new philosophy was adopted
in the turbulent mixing noise quadrupole source model In that particle dis-
placement, rather than particle velocity was the source field variable.
Also, new types of temperature source mechanisms were identified and
used, along with the Lilley equation propagation characteristics, to explain
the effects of temperature on jet noise generation. Finally, as a means of
physically characterizing the numerical results, as well as providing a
simpler means for obtaining solutions in applicable regions, limiting analytic
solutions were developed for both low and high frequencies. In addition to
requiring an accurate description of the sources of noise generation, the
Lilley equation is fairly sensitive to the mean velocity and temperature dis-
tributions and, as such, requires an accurate description of these quantities.

Rather than dwell extensively on the mathematical aspects of the Lilley
equation, a brief summary of results achieved during this research will be
given, followed by a comparison of relevant solutions with experimental data.

4.2.1 Monopole Source Solutions

The main achievements of the initial part of the Lilley equation
investigation can be summarized as follows:
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4.2.1.1 The solution of Lilley's equation

A method of solving Lilley's equation numerically, based upon the Green
function technique, was first carried out in detail for an assumed (volume
acceleration) monopole source distribution immersed in a parallel sheared flow
of nonuniform velocity and speed of sound. It was felt that these monopole
solutions would lead to a better understanding of the major physical character-
istics of the Lilley equation solutions and would provide the basis for preli-
mininary comparison with jet noise data as well as with measurements of
radiation from "artificial" sources inserted in the jet flow.

4.2.1.2 Preliminary Jet noise source model

As a preliminary model for the source of jet mixing noise, the assumed
source distribution consisted of a ring of incoherent point sources of
arbitrary radius, so that the sources could be positioned at realistic loca-
tions in relation to the velocity profile (e.g. on the lip-line where the
turbulence intensity, and hence the actual source strength, is at or near a
maximum in the initial mixing region).

The point source had an arbitrary axial convection velocity and axial
coherence; the corresponding convective amplification effect could be calcu-
lated with a simple analytic formula, independently of the Lilley equation.

4.2.1.3 Numerical results and comparison with experiment

Numerical solutions to the Lilley equation with the above source model
were obtained for a range of jet exit velocities up to and including sonic
speed but only at the Isothermal condition (i.e. where the speed of sound is
uniform throughout the sheared flow and equal to the ambient value). The
numerical results were displayed as a function of ring source radius over a
wide frequency range and compared with the corresponding plug flow results to
demonstrate the importance of source location (i.e. ring source radius) and
real velocity profile effects.

The error function was used for the velocity profile shape In the poten-
tial core/initial mixing region, and its accuracy was verified by comparisons
with measured data. In addition, a preliminary comparison of theoretical
results with measured isothermal jet noise directivity data in the form of
"difference spectra" was conducted. For the purposes of that comparison the
acoustic-mean flow interactions for the required quadrupole jet mixing noise
;ource distribution were assumed to be the same as those predicted by the
Lilley equat;on for the monopole source distribution. Also, no attempt was
made to allow for the variation of effective axial source location (and hence
for velocity profile variation) with source Strouhal number. Only one axial
location, at the end of the potential core, was used for the whole Strouhal
number (frequency) range.

Experimental (stationary) point source directivity data were studied in
some detail and two forms of the Lilley equation, with a volume disCacerent
and a volume velocity point monopole source function, were solved to yield
theoretical directivity predictions. The results were compared with some of
the measured data published by Ribner and his colleaguesl5-19.
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4.2.2 Jet Noise Source Solutions

During the main part of the Lilley equation investigation, the major
accomplishments were numerical and analytic solutions for multipole sources,
the derivation of a modified Lilley equation and detailed comparisons with
measured jet mixing noise data, as outlined below.

4.2.2.1 Solutions of Lilley's equation

The Lilley equation numerical solution technique was extended to include
radial dipole and radial-radial quadrupole source functions and hence all the
different quadrupole source types. The theory developed for that purpose
allows solutions for multipole source distributions of any order to be derived
from a single basic numerical solution.

Also, closed-form analytical solutions to the Lilley equation were de-
rived for the limiting cases of high and low frequency.

4.2.2.2 Jet noise source model

One of the major modifications to the Lilley equation was the introduc-
tion of a n' w source function. The reasons for the rejection of the original
(volume a-celeration) source function and the derivation of the new volume
displacement source function were justified by extensive analytical and
numerical work and by appealing to the well-established scaling laws exhibited
by measured jet mixing noise data. The volume displacement and volume accel-
eration quadrupole source functions are both valid second-order -pproximations
to the basic Lilley equation source function, but the corresponding Lilley
equation solutions are radically different at low Mach number. The low Mach
number asymptotic mean velocity dependence of the radiated intensity is Vj6 for
the volume acceleration quadrupola but is Vj8 for the volume displacement
quadrupole, in agreement with the scaling law exhibited by the measured data.
The other major modification was a new (volume displacement) dipole source
ter' for nonisothermal jet flows, which is dscribed below under the heading
of comparisons with measured data.

4.2.2.3 Numerical results and comparisons with measured data

Following the introduction of the new displacement source, numerical
solutions to the Lilley equation were obtained over an extended range of jet
exit velocities, up to twice the ambient speed of sound, and for a wide range
of jet exit temperatures, from one-half to nine times the ambient temperature.

The effects of temperature on the measured noise intensity spectra at 900
to the jet axis were investigated and analyzed first on the basis that the
effects might be entirely understood in terms of acoustic-mean flow interac-
tions, that is, interactions between the mixing noise (isothermal) quadrupole
sources and the axisymmetric nonuniform mean temperature field, including the
mean density gradient. This was followed by a second investigation in which
the measured data was correlated on the basis that an additional dipole source
mechanism appears in nonisothermal jet flows, its radiation intensity being
proportional to the sixth power of the jet exit velocity. Distance and angle
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calibrations were applied to the measured noise data to allow for the finite
distance between the nozzle exit plane and the effective axial source location.
The same data calibrations were employed in the following.

Following the early work, the mean velocity profiles for the transition
and fully developed regions of the jet mean flow field were chosen and their
accuracy verified by comparisons with measured data. In addition, the mean
temperature profile in each jet flow region was obtained by assuming similar-
ity between velocity and stagnation temperature profiles. The speed of sound
profile in the original Lilley equation and the mean density profile in the
modified version both were related to the mean temperature profile by assuming
that the jet fluid is a perfect gas with a constant specific-heat ratio.

A detailed, comprehensive comparison of theoretical results with measured
isothermal and heated jet noise directivity data was carried out. The varia-
tion of effective axial source location, and hence flow profile, with source
Strouhal number (frequency) was also incorporated.

Experimental (stationary) point source directivity data recently published
by Ribner and his colleagues were re-examinet and compared again with our
theoretical results after a correction was made to a parameter definition in
their work by Rlbner 50. Also, new experinental point source measurements taken
at Lockheed-Georgia were compared with Lilley equation theoretical directivity
results.

It should be noted that no attempt has been made In general to calculate
absolute noise levels with measured or assumed source function data snce,
strictly speaking, that was not part of the original objective. This work has
been concerned with the "convective and refractive" effects in a heated jet
and these largely control the directivity of the radiated noise intensity. For
isothermal jets the absolute levels at 900 to the Jet axis are mainly deter-
mined by the magnitude of the turbulent velocity fluctuations, correlation
volumes, etc. However, there is a significant refractive influence on noise
intensity levels at 900 to the axis of nonisothermal jets; hence, the
detailed investigations summarized above.

Finally, the comparisons between experimental point source directivity
measurements and solutions to appropriate forms of the Lilley equation will not
be inciuded in this report, but will be published at a later date. This part
of the investigation was curtailed when it was realized that the theoretical
results were critically dependent on a correct modeling of the experimental
point source. The presenc investigation was not directly concerne! wIth
artificially excited jet exhaust flows. Experiments of this type were origi-
nally included to provide an independent check on the validity of the Lilley
equation description of the propagation type of acoustic-mean flow interactions.
Once the Importance and complexity of experimental point source modeling became
apparent the exercise was terminated and all the effort was concentrated on the
jet mixing noise investigation.

4.2.3 Lilley Data-Theory Comparison

For the purposes of this data-theory comparison, two different types of
deviations from the classical theory are introduced and the success of the new
theory in accounting for these problems is detailed.
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As discussed in Section 4.1.1.1, measured data on hot jets at low Mach
numbers (Uj/a o -0.3 to 0.6, where Vj is the jet exit velocity and co is the
ambient sound speed) show significant increases in far-field intensity,
relative to isothermal jets of the same velocity. At 900 to the jet axis, the
measured velocity dependence is Vj6 in contrast to the Vj8 Lighthill predic-
tion. Figure 4.23 demonstrates this for a low Strouhal number, S=0.1, where
the increase in low velocity noise due to heating is quite pronounced (S -fd/Vj,
where f is the observed frequency and d is the jet diameter).

The second problem is illustrated in Figure 4.24, where the measured
directivity of isoti-ermal jet noise at two supersonic jet velocity conditions
for a modified Strouhal number Sm -0 .3 (Sm = SDm, where Dm is the modified
Doppler factor) is compared with the 5th power of Doppler amplification (Dm- 5)
derived from classical theory. Clearly, there is no real agreement in shape
and there are significant deviations at every angle away from 900.

To show how this new work narrows the gap, the main theoretical results
on jet mixing noise is given in three parts: (I) the effect of temperature on
Jet noise at 900, (2) isothermal jet noise directivity, and (3) hot jet noise
directivity. Prior to displaying these solutions, the mean flow assumptions
are outlined.

4.2.3.1 Lilley equation flow parameters

In the Lilley equation model the unsteady pressure field of the turbulent
Jet flow is regarded as a set of small amplitude waves superimposed on a
steady, axisymmetric, parallel shear flow (of uniform pressure) with velocity
[U(r), 0, 0], sound speed E(r) and density r(r). Realistic profiles for these
mean flow quantities are used, as sketched in Figure 4.25; the profiles are
characterized by the vorticity thickness 6, the "lip-line radius" r1 , the
center-line values Ui, ci, pi, and the ambient values U=O, ao and p0 . In all
the nwnerical calculations the fluid is assumed to be a perfect gas with
constant specific-heat ratio y so that the sound speed and density profiles
are replaced by a temperature profile T(r) with center-line and ambient values
Tj, To. Hence, the nondimensinal flow parameters are S/rl, Ui/a o , y and TI/T o.

The flow parameters are deLermined by choosing an axial station, Xs, in
the Jet flow for each modified Strouhal number. The choice is guided by experi-
mental results for the apparent or effective axial distribution of mixing noise
sources in real Jets. At high frequencies (i.e. large SO, the axial station is
located within the Initial mixing/potential core region and then R, =ro , where
ro is the nozzle or actual lip-line radius, Ui -Vj and Ti -Tj, suffix "J"
indicating jet exit conditions. In this region only 6 or 6/ro varies with axial
position. At low frequencies the axial station is downstream of the end of the
potential core and all the parameters vary with axial position, although 6/r,
i constant in the fully developed region.

Within the parallel sheared flow the turbulence mixing sources are repre-
sented by a ring of convected, statistically-isotropic point quadrupoles and
dipoles (denoted by SIPQ and SIPD) of radius r-r s, where U =Us 

= su i and T=T s
(also Z 0, 0s) "
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4.2.3.2 Effect of temperature on jet mixing noise at 900

To illustrate the theoretical effects of heating on the noise radiation
at 900 to the jet axis, some numerical solutions to the Lilley equation for
the SIPQ source model are shown in Fig. 4.26 in the form of a fZow factor.±
This is defined as the ratio of the far-field intensity to its value without
the jet flow, the source strength being held constant. The horizontal scale
is the nondimensional frequency parameter, k06, i.e. 27(6/X) where A is the
wavelength of sound outside the flow. Clearly, k06 is a far more important
parameter than the one based on the nozzle radius, koro; the latter is varied
over a wide range (specified in Figure 4.26), but the resulting flow factor
variation, indicated by the vertical band, Is quite small. For small values
of k06, these results show that the radiation from the SIPQ source can be
amplified when those sources are placed within a nonuniform density field.
The amplification mechanism Is the incomplete cancellation of the radial-radial
quadrupole field in the presence of radial density gradients. Failure to
cancel at low frequencies is due to the dependence of the radiation from each
of the radial dipoles making up the rr-quadrupoles on the local density. The
basis for this explanation is the low frequency limit shown in Figure 4.26,
which is a new analytical solution to the Lilley equation and is discussed
fully in Volume II, section 3.2.5. In that same discussion, the high fre-
quency or geometric acoustics limit is also derived. Clearly, these asymptotic
resu!ts are useful over a wide range of kos.

Although the low frequency amplification mechanism can be related to the
low Mach number condition, since k06 -Vj/a o at constant Strouhal number, it is
argued that it cannot entirely explain the low Mach number increase in noise
levels with heating observed in practice (e.g. see Figure 4.23). The amplifi-
cation mechanism, which can be referred to a3 one of scattering by the mean
density gradient, is closely related to one of those described by Morfey5l in
his extension of the Lighthili analogy to include the case of flows of non-
uniform density. However, that work5l also uncovered an unsteady density
field scattering mechanism; when the Lilley equation is modified to include
this effect, an additional dipole source is introduced into the source func-
tion. That new source is found to explain temperature effects at 900
reasonably well (see Volume II, Appendix 3E) and leads to excellent directivity
predictions for hot jet mixing noise (see Volume II, Appendix 3G) as illus-
trated in the final part of this summary.

4.2.3.3 Isothermal jet mixing noise directivity

A comprehensive study of the directivity of isothermal jet mixing noise
is described in detail in Volume II (see Appendix 3F). The comparisons between
measured data and the corresponding Lilley equation solutions cover a wide
range of modified Strouhal numbers (i.e. frequencies), 0.1 5Sm3.O, Mach
numbers, 0.5 Vj/ao  1.?5 and polar angles, 22 °  0o 135'. The study clearly
demonstrates that outside the cone of silence, i.e. when cos8o is in the
range

"tIn these results the error function temperature profile has been used
[Volume II, equation (Z-53) 1; it is indepcnde.t of Mach number, unlike the
genera' case when simrlarity is assumed between velocity and stagnation
temperature profi l es.
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- ao/(Zs -Us ) < coseo < ao/(Cs + US), (Us/es <t1)

the directivity shapes can be predicted from the Lilley equation solutions
with considerable accuracy. This major achievement is illustrated in Figures
4.27 and 4.28 for the same examples given previously in Figure 4.24. The
improved agreement involves only a small change at some angles but the
consistent accuracy of the new prediction and the large changes from the
classical Dm"5 law in the forward arc demonstrate the validity of the new
Lilley equation results.

In order to achieve this agreement outside the cone of silence, it has
been necessary to process the measured data so that the polar origin for the
directivity angle is located at the effective axial source location (as in the
theoretical model) and to use an eddy convection velocity that varies with Sm
In a realistic way, that is, decreasing with decreasing Sm.

Inside the cone of silence the over-prediction by the Dm"5 law is con-
trasted with an under-prediction by the Lilley equation solutions, as in
Figure 4.27 and 4.28. The most likely reason for this large discrepancy is
that the direct radiation from tht large-scale turbulence structure, the
subject of a parallel investigation described in Section 4.3 is not included
in the comparisons presented here. At the lowest Strouhal number considered,
Sn-0.1, this must be an Important source of acouscic radiation inside the
cone of silence. Almost of equal importance though, particularly for higher
Strouhal numbers, Sm -0 .3, is a lack of realism in the present, as:umed source
function model; the actual source distribution In the radial-azimuthal plane
has been modeled by a ring source, that is, radially it is a point source. At
angles well inside the cone of silence the ring source of a given radius may
be very effectively shielded by the flow, givng rise to low predicted levels.
In reality, however, other parts of the actual source distribution nearer the
outer edge of the sheared flow are les. well shielded and if their contribu-
tions to the radiation levels were included, a significant increase in pre-
dicted level would result. Thus, there is an urgent need to replace the
present ring source model with a radially distributed source, in order to
evaluate the relative importance of the two most likely causes for the large
discrepancies inside the cone of silence, the unrealistic source model and
large-scale turbulent structure radiation.

4.2.3.4 Hot jet mixing noise directivity

A theoretical model for the variation of jet mixing noise with jet exit
velocity and temperature at 900 to the jet axis has been evaluated and found
to be in reasonable agreement with the measured data, although there are some
significant deviations occurring at high velocities (see Volume II, Appendix
3E). The model is based upon a source function made up of quadrupoles and
dipoles, i.e. on a modified right-hand side of the Lilley equation. The dipole
sources result from the scattering of turbulent pressure fluctuations by un-
steady density fluctuations within nonisothermal jet flows. The relative

tWhen Us a Zs the Zower bound is rei 'ac d b -1.
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weighting of this source combination is determined mainly from the measu.sd
isothermal and hot jet noise spectral data at 900 to the jet axis,

The Lilley equation can then be used to predict the directivity of hot
or nonisothermal jet noise, given that weighted source combination. However,
in the preliminary study described in Volume II (Appendix 3G), an attempt has
been made to separate out temperature effects from those that cause disagree-
ment between measurement and theory at isothermal conditions, in order to test
the complete theoretical model specifically with regard to temperature effects.
This was accomplished by comparing calculated and measured ohanges with tem-
perature In the radiation direct;vlty. Thus, in Figure 4.30, for example,
heating the jet to an exit temperature of -3-1/3 times the ambient temperatures
reduces the level at 900 by -3 dB (relative to isothermal conditions). This
determines the quadrupole/dipole relative weighting and also allows a Lilley
equation directivity to be calculated For this Jet temperature. The difference
between it and the calculated Isothermal directivity is then compared with the
corresponding-measured difference.

Rather than present predicted and measured differences for comparison,
absolute levels are recovered by adding both to the measured isothermal levels,
as In the examples of Figures 4.29, 4.30, and 4.31; the Lilley equation predic-
tion is shown as a continuous line. Tne agreement with the measured hot jet
data Is remarkably good at this jet exit condition (that Is, a veloc!ty ratio
Vj/ao*0.9 and a temperature ratio Tj/TO ' 3.3). In Figures 4.29 through 4.31
the frequency parameter Sm takes the values 0.3, 1.0, and 3.0. At Sm - 0 .1

(Figure 4.29), despite the negligible change. In measured levels at 900, the
theory reproduces the trend of lower measured levels at small angles, At the
higher frequencies, the measured changes at 900 of -3 dB and -6 dB (Figures
4.30 and 4.31) remain about the same In the forward arc but both widen to
-15 dB at the smallest angles; both features are accurately reproduced by the
Lilley equation-based predictions.

Clearly In those examples and others inc!uded in Volume II, the modi-
fied Lilley equation model (with the new dipole sources) mast contain an
adequate description of all temperature dependent flow-acoustic interactions
within a heated or nonisothermal (shock-free) turbulent jet.

4.3 THEORY FOR NOISE FROM LARGE-SCALE TURBULENT STRUCTURE,

In Phase I, Lilley28 proposed a model for the generation and radiation of
sound In a turbulent mixing region. The central feature of the radiation model
was the derivatiorn of Lilley's equat:on which explicitly included mean flow/
acoustic interactions as previously discussed. The model proposed for the
turbulence was based on a decomposition of the fluctuating flow field into
Fourier components and the proposition of a dominant wave motion. It was
proposed to use this model of the turbulent structure to geterate the source
function in Lilley's equation and then proceed to calculate the radiated noise
from this turbulence model. Thus, the objective of this part of the program

tThis is a cimary of results which appear in References 38, 54, and 55, and
Volwne II, gection 4.
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was to define and calculate a wave-like structure for the turbulence. In the
Phase II research, it was assumed that the time-dependent component of the

turbulence was composed of two parts: a large-scale wave-like component and
a fine-scale random component. In the work to follow, only noise radiation
from the large-scale component will be considered, whereas the work summarized
in Section 4.2 was concerned with noise radiation from small-scale turbulence.

In this summary a general introduction to the wave-model will be given and
some of the results of the calculations will be discussed. The reader is re-
ferred to Volume II for details of the analysis and numerical techniques.

4.3.1 Method of Approach

The ideas for modeling the turbulence proposed by Lilley2 8 had been pursued
by Sharma 5 2 and Morris 53. The former study considered the boundary layer and
the latter considered a two-dimensional mixing layer. The concepts proposed in
these models were used as a starting point and it was intended to sequentially
study the incompressible axisymmetric Jet, the compressible two-dimensional
mixing layer, the compressible subsonic axisymmetric jet and the compressible
supersonic axisymaetric Jet. The first two of these cases were reported in

1974 by Morris54 and Kapur and Morris 5 5. These turbulence models were essen-
tially different to the final model used though the ideas expressed are rele-
vant to turbulence modeling. For the purposes of determining the radiated
noise, a modified approach was developed and the compressible axisymmetric jet
was modeled In this fashion. This model Is described in the next section.

4.3.2 The Turbulence Model

A laminar flow, whether it is bounded or free is known to exhibit certain
characteristic modes when it is perturbed. These fluctuations may represent
the first stages of transition from laminar to turbulent flow. Measurements
of fluctuations In both naturally and artificially excited flows have shown
that these fluctuations are wave-like In both space and time. Thus, it was
natural to perform a decomposition of the unsteady equations of motion assuming
a wave-like form for the fluctuations. Since these fluctuations were also very
small in relation to the magnitude of the mean flow, it was also natural to
linearize the resulting equations. An analysis of this kind for a viscous
fluid leads to the classic Orr-Sommerfeld equation for a parallel mean flow.
This equation is homogeneous and Introduction of boundary conditions relevant
to the flow being considered leads to a two-point boundary value problem. The
order of the homogeneous differential equation depends on the geometry of the
problem and whether the flow is compressible or incompressible. The parameters
in this eigenvalue problem are the Reynolds number, the Mach number, the wave-
numbers in two dimensions and the frequency of the fluctuation. Various combi-
nations of these parameters enable the boundary conditions to be satisfied and
are hence elgenvalues. The Reynolds number and Mach number are real quantities
by definition, however, some physical reasoning must be used if either the
frequency or wavenumber are taken to be wholly real rather than complex. For
various reasons, early analytical and subsequently numerical solutions of this
boundary-value problem chose to keep the wavenumber real. This implied that
variation in amplitude of the fluctuation took place in time. However, most
established flows develop spatially and most good agreement of theory and
experiment has occurred when the frequency is made real and the wavenumber is
complex. This provides variation in amplitude with space rather than time.
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The essential difference between the boundary layer equations foi- laminar
and turbulent flows is the existence of extra terms which are nonlinea- in the
fluctuations. These terms include the shear and normal stresses. The modeling
of these stresses has been the consuming interest of researchers and has led to
the development of such concepts as the mixing length and eddy viscnsity. In
this latter case the motion of the fluctuations is assumed to provide one extra
viscosity to the fluid which, in most cases, is far in excess of the fluid
viscosity. When this assumption is made, the boundary layer equations reduce
to an equivalent laminar boundary layer form, with an added viscosity whose
behavior has to be determined. This concept has led to considerable success
in predicting the development of a turbulent flow and the assumption of an
eddy viscosity will be used in the present model.

With this obvious link between laminar and turbulent flows, a model
of the flow may be proposed which consists of three components; a time-
Independent component, a wave-like periodic component, and a random time
dependent component. All three of these components may be obtained from
experiment by techniques such as time-averaging and phase-averaging. The
equations and boundary conditions for the wave-like component are ldent;cal o
those of the assumed periodic fluctuation in a laminar flow except for the
presence of terms which represent the fluctuating random stresses. If an
assumption is made as to the value of the eddy viscosity, this turbulent flow
eigenvalue problem may be solved In an identical fashion to the laminar flow
case. There are two further physical assumptions to be made before the
linear wave model Is complete. Firstly, it will be assumed that in spite of
the axial variation of the mean flow properties, the characteristic oscilla-
tions at any axial location may be approximated by making a locally parallel
flow assumption. Secondly, because of the dynamic nature of the instability
process in a jet flow, the local fluctuations may be determined by an Inviscid
stability analysis; that is to say that even the turbulent Reynolds number Is
sufficiently high to render the problem essentially Inviscid.

The fundamental flow model may now be summarized. A disturbance of a
fixed frequency is generated in the flow. This could be an oscillation in the
jet-pipe boundary layer, some fluctuating mass flow, or an infinitesimal
exterior influence. As this wave propagates downstream Its rate of growth is
determined by the characteristics of the local flow profile, In fact, the wave
will encounter regions of growth, neutrality and decay. The maximum amplitude
of the fluctuation will occur at the axial station where it is a locally neu-
tral disturbance. This process of growth and decay is found to be confined to
the nozzle exit region for high frequencies and is spread over a longer axial
extent for low frequencies.

Calculations are performed for an isothermal jet with a jet exit Mach
number of 1.4. Though the axial development of the wave is described by an
integral analysis, some aspects of the wave behavior can be determined from
the local stability analysis. The phase velocity as a function of jet width
for the helical, n-1 mode is shown in Figure 4.32. If the phase velocity
predicted by linear theory is supersonic with respect to the ambient speed of
sound, then a linear coupling of the propagating wave and the acoustic field
occurs leading to direct far-field radiation.

Since the small-scale random fluctuations have been ircluded through
an assumption of an eddy viscosity, they are confined to regions of non-zero
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mean flow gradients. However, the wave-like components of the flow-field
extend beyond the edges of the jet flow decaying as Hankel functions of the
first kind. Thus, the near-field pressure fluctuations in the jet may be
associated with the wave-like structure so long as the distance from the edge
of the shear layer is not sufficiently large to make the locally parallel flow
eigensolutions invalid. Examples of the near-field contours of equal SPL are
shown in Figure 4.33 and 4.34 for an axisymmetric mode and Strouhal numbers of
1.0 and 0.3 and an isothermal jet Mach number of 1.4. The higher frequency
case peaks close to the jet exit and the St =0.3 peaks further downstream.
This behavior is characteristic of near-field pressure measurements.

4.3.3 The Radiation Model

With the flow field apparently well defined, the mechanism by which these
wave-like motions radiate noise to the far-field must be examined.

In order for a wave to radiate in some direction to the far-field, it
must have a sonic phase velocity in that direction. In the locally parallel
flow analysis used above to calculate the near-field, It is found that the
local phase velocity never exceeds the jet centerline velocity. Thus, it
might appear that the dominant near-field structure can only radiate noise
for supersonic jet exit velocities. However, as the fixed frequency wave
propagates downstream, Its amplitude varies and the Fourier transform in the
axial direction provides a spectrum of wavenumber components. Some portion
of this one-dimensional energy spectrum can lead to far-field radiation.
Clearly, the peak in the spectrum will occur close to these values of wave-
number calculated in the local flow analysis, and the higher the jet exit
velocity, the closer this wavenumber peak will come to the band of wavenumbers
that can radiate. However, in spitn of the discreteness of the frequency
fixed in the analysis, the wavenumber spectrum is continuous and hence the
far-field noise is not confined to a single direction. Also, all frequencies
are permissible though the calculations may show some range of frequencies to
radiate dominantly in certain directions.

The variation of the amplitude of the n-i mode, which is characterized
by the relative wave kinetic energy flux, Is shown in FigLre 4.35. As dis-
cussed above it is this variation of amplitude with axial distance that is
found to provide the mechanism by which a wave which has a subsonic phase
velocity, calculated from local linear stability theory, ray radiate noise to
the far field. The Strouhal number 0.3 wave is seen to reach the greatest
amplitude.

In spite of the essential simplicity of this noise generation and radia-
tion model, the actual calculation of far-field noise is not straightforward.
Two approaches are open. In the first the flow-field and hence the source
term in a Lighthill or Lilley equation is defined and the analysis may
proceed accordingly. However, there is some question In the use of these
models as to the convergence of various integrals and to the true physical
meaning of 'near' and 'far' field when the flow model is essentially the
inner solution in a matctd asymptotic method. The second technique is easier
to use numerically, but has certain physical limitations which will be described
below. In this approach a control surfaf:e is constructed in the ambient medium
around the jet. The fluctuations on thi; surface can be obtained from the
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near-field solution and the far-field noise may then be calculated by classical
methods.

This latter model is used in the present work. The control surface is
cylindrical and its radius is chosen so that the diverging jet flow does not
intersect it until downstream of the region where the frequency fluctuation of
interest dominates the near-field. A correction to the locally parallel flow
solutions is applied so that they locally satisfy continuity and momentum in a
diverging flow. This correction is shown to render the problem independent of
control surface radius. The wavenumber component spectrum of axisymmetric
radial velocity fluctuations on a control surface of nondimensional radius
(1 +X/2), where X is the acoustic wavelength, and Strouhal number 0.3 is shown

;n figure 4.36. At this Strouhal number sound is radiated to the far-field
for - St Mo/n ksSt Mo/r (-Tr s 0 p, where 0 is the direction in the far-
field). The corresponding far-field directivity is shown in figure 4.37. The
peak radiation angle occurs close to the jet axis. A complete set of results

for various frequencies and mode numbers is given In Volume II. These results
indicate certain differences between the predicted and the measured far-field
noise. This leads to the conclusion that this conceptually simple technique
has physical deficiencies. The major criterion lies in the assumption that
the axial distribution of a single frequency wave on the control surface may
be expressed in terms of locally corrected parallel-flow eigensolutions. The
analysis does not allow for either upstream or downstream propagation of fluc-
tuations from one station to the next except by means of a piecewise locally
parallel flow approximation. Th~s leads to major discrepancies where the
control surface is far from the edge of the jet such as in the case for low
frequencies close to the plane of the jet exit. However, the calculations do

demonstrate that the basic mechanism described above is capable of radiating
noise to the far-field even when the local near-field solution has a subsonic
phase velocity and it is the method of calculating the far-field not the basic
generation mechanism which is in question.

The reader is referred to Section 4, Volume II for further discussion of
this last problem. Also given in more detail are the mathematical derivations,
a discussion of the role of eddy viscosity in the model, the effect of finite
amplitude forced oscillations and the analysis for local corrections for the
effects of flow divergence.

4.4 SHOCK-ASSOCIATED NOISE THEORY

While the evaluation of existing theories for turbulent mixing noise
generation revealed distinct inadequacies with regard to source definition and
flow acoustic interactions, the existing theory for shock-associated noise was
in a somiwhat better situation. While the existing theory depended to a great
extent on modeling concepts, rather than on solution of field equations, the
model included a rather specific definition of the source characteristics.
Thus, unlike the Lighthill model, one is delving into the actual characteris-
tics of the shock-turbulence interactions when defining the source of broad-
band noise. However, like the Lighthill analysis, only the Doppler features
of the flow/acoustic interactions are included in the model. Refraction and
diffraction by the jet flow are not included, however, this is not considered
to be nearly as serious ai omission as it was for the turbulent mixing noise,
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since shock-associated noise for predicted engine operating conditions normally
dominates only in the forward arc, where these effects can be expected to be
small.

The existing shock-associated noise model of Harper-Bourne and Fisher 4l was
evolved by extending Powell's original model5 2 for the discrete components, but
without the feedback mechanism between the nozzle lip and the first shock. In
this model the end of each shock cell is taken as a compact source of sound and
the relative phasing Letween the sources is determined by the convection of tur-
bulent eddies between khem. The model therefore consists of an array of shock-
turbulence interaction sources in line with the nozzle lip and almost equally
spaced with separation L. It is assumed that the convection of turbulent eddies
along this lineof sources causes each to emit sound at the time of arrival of
the eddy.

The model conside-ed the far-field sound pressure to be the sum of con-
tributions from each correlated point source located at the shock positions.
Also, even though the shock locations are stationary, It was shown by an ex-
tensive investigation of the flow characteristics that the source has the con-
vective characteristic of the turbulence, thus justifying the Doppler frequency
dependence.

The theoretical model gives the far-field spectral density of sound
pressure, Gpp(R,e,w), as a product of three terms in the following manner:

Far-Field Mach Group nterference
Intensity - Number x Source x Weighting
Spectrum Dependence Spectrum

Gpp(r,O,W) (D 2  5)8 H0(a) f{N,Ln,eCn..n(a)v

W, Vc}

where

Ho(a) - croup source strength spectrum

Cm-n(u) - correlation coefficient spectrum between fluctuations at mth
and nth shocks

N - number of shocks

Ln - shock spacing for nth shoc.,

Vc W turbulence or eddy convection velocity

and a - Strouhal number, wL/a o .

The first term includes the basic Mach number or pressure ratio dependence
discussed previously for the overall intensity results. The second term is de-
fined as the normalized group source strength spectrum, and it effectively
represents the combined strength of the shock-turbulence interactions occurring
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at several shock locations. The final term represents the magnitude of the
constructive or destructive interference that occurs when sound waves emitted
from various sources arrive simultaneously at the observation point (R,0).
This interference function is dependent on the number of shocks, N, the shock
spacing, Ln, the angle of radiation, 0, the correlation coefficient spectrum
between fluctuations at various shock locations, Cm.n, and the frequency.
Harper-Bourne and Fisher determined the strength of the correlation coefficient
spectrum by making datailed measurements with a crossed-beam Schlieren system.

In our program of examining and verifying the theory, the following was
accomplished.

The peak frequencies of shock-associated noise were examined in light
of the theoretical model. The presence of Doppler shift with angle in the
measured peak frequencies, and the variations of measured peak frequencies with
pressure ratio and temperature ratio, are all found to be in good qualitative
agreement with the theoretical model. Further comparison of measured peak
frequencies with theoretical scaling formulae provide several useful implica-
tions regarding the characteristics of shock-containing Jet flows. It is
inferred that the average value of turbulence or eddy convection speed In a
jet flow is approximately 0.7 times the jet efflux velocity, and this fraction
remains nominally independent of the pressure ratio. This observation there-
fore agrees with the measured value of Vc, obtained mainly from unheated jets
by several investigators. The values of a shock spacing constant, K (shock
cell length, L KOD) are also calculated, and it Is inferred that this
increases with pressure ratio parameter a. It remains to be seen whether this
trend can be verified experimentally.

A computer program for the prediction of shock-associated noise, based on
the model, was developed, and a preliminary comparison of measured and pre-
dicted spectra was conducted. An example Is given In Figure 4.38. Although
the predicted spectra are found to be in good agreement with the measured
spectra, it has not been possible to derive any specific conclusion. There are
significant quantitative differences since the comparison was not extensive.
Furthermore, it is suggested that such a comparison will become more meaning-
ful if values of various Jet flow parameters, required for Input to the pre-
diction scheme, are obtained experimentally. A considerable amount of future
effort is therefore required on various specific aspects of shock-associated
noise, and this is discussed in Section 7 of Volume II.
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5. CONCLUSIONS

This program of research on supersonic jet noise has produced several
fundamental advances in the physical understanding and quantification of both
the noise generating mechanisms within the jet flow and the radiation out to
the far field. The total sound field from a heated supersonic jet exhaust
was taken to be comprised of contributions from three types of noise sources
(or noise generating processes). These were (i) the sound generated by small-
scale turbulence associated with the mixing of the jet exhaust flow with ambi-
ent air, (ii) the sound generated by large-scale orderly structure within the
jet flow, and (iii) the sound generated by the interaction between convected
turbulence and stationary shocks at supercritical conditions. Each noise
source has been examined Independently as far as possible, and both acoustic
as well as flow characteristics have been investigated in order to link the
noise generation processes with the far-field propaqation phenomena.

The theoretical studies on turbulent mixing noise were centered around
the Lilley equation. These studies (i) have successfully explained all the
features of subsonic isothermal jet noise directivity variations with velocity
and frequency, (ii) have explained the relevant features of supersonic Iso-
thermal jet noise outside the so-called cone of silence, and (iiI) have
explained the effects of jet temperature at subsonic and supersonic velocities,
and in the process have identified new dipole sources of noise in heated jets.
These dipole sources arise from (a) an Imbalance of the turbulent mixing noise
lateral-lateral quadrupoles across temperature gradients and (b) scattering of
turbulent pressure fluctuations by unsteady density fluctuations in heated
jets. It was also shown how the jet temperature field affects propagation to
the far field. In these Lilley theory studies, it was also discovered that,
rather than the Lighthill "volume acceleration" quadrupole, the jet mixing
noise is generated from a "vclume displacement" quadrupole. In addition to the
numerical solutions, lot and high frequency analytic solutions were developed,
which will ultimately provide the foundation for a prediction program.

The Lilley theory solutions have also shed light on what may be termed
one of the additional sources of supersonic jet noise generation. The present
solutions do not match experiment within the cone of silence (i.e., a conical
volume with axis along the jet exhaust and whose half-angle is given by the
angle at which rays, parallel to the jet axis within the flow, are emitted in
the ambient atmosphere) for supersonic conditions. Instead, it appears from
examination of the experimental data that another source of sound exists with
a strong directivity in the vicinity of the exhaust axis, whose strength
increases with jet velocity. All evidence suggests that this sound is the
result of radiation from large scale helical instabilities in the jet mixing
region. A theory which describes the development of these instabilities and
the associated jet structure development has been completed for the case of a
compressible axisymmetric supersonic jet. A model for the noise radiation
from this large-scale motion was also presented and qualitative agreement
with experiment was achieved in the prelimn'iary numerical calculations.
However, future calculations of the far-field noise will define the large-
scale source function in Lilley's equation which will take account of the
finite extent of the source region and flow-acoustic interaction effects,
both of which were not accounted for in the work completed.
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The third source of supersonic jet noise, mentioned above, arises only in
shock-containing jets. When present, it usually dominates the sound field in
the forward arc. It is referred to as the broadband shock-associated noise.
A theoretical model had been developed by Harper-Bourne and Fisher for this
noise source, and this theory was shown to provide good agreement with the
experimental results obtained in the present program.

The success of the theoretical results hinged on close interaction with
the experimental program. Since some of the effects predicted by theory ex-
hibit only small, but in terms of the generating mechanisms involved physi-
cally significant variations from the primary Vj8 dependence for turbulent
mixing noise, it was necessary to acquire precise acoustic and jet flow data.

In the acoustic experimental program, after carefully removing all sig-
nificant external contaminations, a series of tests was conducted which
effectively separated turbulent mixing noise from broadband shock-associated
noise. Furthermore, within each of these two categories, the experiments
provided independent isolation of the effects of temperature and velocity (or
Mach number) on the radiated sound. From these tests, the following conclu-
sions were drawn:

(i) Based on the 90° noise data for isothermal exit conditions in the
range 0.35Vj 2.0, a Vj7.5 velocity dependence was observed,
leading to the inference, subsequently verified by flow measure-
ments, that turbulence does not scale linearly with jet mean
velocity at high velocity.

(ii) At low velocity and high temperature, an increase In noise was
observed, based on the isothermal reference levels, in support of
the theoretical predictions of additional dipole sources resulting
from temperature gradients and scattering from density fluctuations.
Later correlations with the theory showed detailed quantitative
agreement.

(iii) Data from convergent-divergent shock-free nozzles at supersonic
conditions provided proof that turbulent mixing noise could effec-
tively be separated from shock-associated noise. Temperature
effects at high velocity were reversed from those observed at low
velocity.

(iv) Broadband shock-associated noise data confirmed the validity of the
theoretical model of Harper-Bourne and Fisher over a wide range of
Mach number and jet temperature.

In general, the acoustic experimental data have confirmed the new predictions
of the theory relative to flow/acoustic intteractions, source strength modifi-
cations, and new sources, and have provided an accurate data base for use in
future jet noise research.

In addition to acoustic data, it was necessary to have accurate data on
the turbulence and mean velocity behavior with jet velocity and efflux tem-
perature. This required the development of a sophisticated laser velocimeter,
which was finally accomplished although somewhat late in the Phase II program.
The LV was successfully calibrated against a hot-wire in a low velocity
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environment. Upon conclusion of this calibration, a limited but very useful
experimental program was conducted. From these experiments it was found that:

(i) In progressing from low subsonic to supersonic speed, the Jet
structure did not suffer drastic changes.

ii) increase in Mach number caused the spread rate to decrease and the
potential core length to increase. Useful relationships expressing
this behavior were derived. In addition, the mean velocity profiles,
up to the end of the potential core, were shown to correlate univer-
sally on specific parameters.

(iii) Turbulence level was shown to scale with mean velocity raised to a
power less than unity, and similarity was not observed in the
turbulence data.

(iv) Based on dimensional analysis, the turbulence data confirmed the 900
noise observations, i.e. that the observed Vj7"5 behavior is a con-
sequence of reduced turbulence scaling with Jet velocity.

(v) Limited experimental data with heated Jets showed a drastic increase
in spread rate and a decrease in potential core length.

It can finally be concluded that this program of Jet noise research has
provided a theoretical explanation of most of the previously recognized prob-
lems with the old jet noise theory. However, a few specific areas of work
need to be completed before a unified supersonic Jet noise prediction scheme,
which would calculate the sound field from all types of noise based on funda-
mental principles, can be completed. One major problem is a positive confir-
mation that the discrepancy at supersonic velocity inside the cone of silence
is due to large-scale noise radiating eddies and that this noise is accurately
predicted by the large-scale turbulence noise theory devoped during this
program. It Is also essential to the ultimate development of a general super-
sonic Jet noise prediction capability to provide a unified turbulence and Jet
noise source prediction capability for the small-scale turbulence. This
capability hinges on precise experimental evaluation of the turbulence
properties including the fourth order correlations.

A Phase III program, due for completion at the end of 1977, is designed
to provide a Jet noise prediction capability for arbitrary, but axisymmetric
Jet exhaust conditions. In order to accomplish this, theoretical work
described in this report Is being continued and experimental work on turbu-
lence and acoustics is underway. Flow field measurements will be accomplished
with a new four-channel, two-point LV for measuring the convected properties
of turbulence as well as for extending the available turbulence and mean
velocity measurements.
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APPENDIX I

ANECHOIC JET NOISE TEST FACILITY CALIBRATION'

t The results to follow are swwnarized from data published by Tanna, Dean, and
Fisher3 9 and Burrin, Dean, andi Tanna5, as well as informnation in Reference 38.
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Much confusion about jet noise has arisen in the past as a direct result
of inadequate facilities and insufficient knowledge and control of test condi-
tions. The present facility was carefully designed to avoid, insofar as
possible, other facilities' shortcomings, the design being guided by the
stringent demands of on-going jet noise research at Lockheed. Prior to the
design and construction of the facility, a one-sixth scale model of the
anechoic room was constructed and a comprehensive series of fow visualization
and temperature mapping experiments was conducted. The results of this model
study dictated the design of the exhaust collector/muffler to provide entrain-
ment and room cooling air in the quantities demanded by the jet operating
conditions. The choice of acoustic wedge material and design was optimized by
conducting an extensive series of performance evaluation tests in a specially
built impedance tube. A plan view of the complete hot Jet noise facility is
shown in Figure I-1. The major points are summarized below.

The anechoic room measures 22 ft.(long) x 20 ft.(wide) x 28 ft.(high)
between concrete walls and the flame-retardant wedges are 18 in. long. The
room is anechoic at all frequencies above 200 Hz as can be observed from Figure
1-2, which is a typical Intensity-distance result obtained in the room with a
point source with 1/3-octave broadband excitation. The facility is capable of
testing model jets of 2 in. diameter at stagnation temperatures up to 2000OF
and pressure ratios as high as 8. The hot air is supplied 'y the Sudden
Expansion (SUE) Propane Burner, with afterheating by an electric heater
between the muffler and tht plenum.

Three special features of the facility are:

(a) an acoustically treated exhaust collector that sucks entrainent air
through the outer channel in quantities dictated by the particular
jet operating condition with no special forced-air injection or fan
installation;

(b) an air gap between the concrete wall and the false wall on the
collector side of the room to distribute this entrainment air symme-
trically around the jet axis, as well as to keep the room air-flow
circulation velocities to a minimum; and

(c) a "cherry-picker" crane used to gain access to instrumentation, etc.
for maintenance, calibration and set-up, thus eliminating the need
for access platforms. The crane is stowed by remote control under
an anechoic cover during all test operations.

ANECHOIC ROOM 2ERFORMANCE EVALUATION TESTS

In order to confirm the design criteria and to ensure the accuracy of the
subsequent jet noise measurements, the facility was subjected to rigorous per-
formance evaluation tests at appropriate stages. The major findings are as
follows:

(a) The overall SPL of background (or ambient) noise in the anechoic
room is 45 dB.
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(b) The attenuation produced by the lined exhaust collector was deter-
mined approximately by subjecting the outside end of the collector
tunnel to a broadband noise and measuring the 1/3-octave SPL spectrum
at the entrance to the tunnel. The measured noise reduction of the
collector was 47 dBA, being 20 dB in the 200 Hz band and increasing to
approximately 60 dB in the 10 kHz band.

(c) In order to evaluate the anechoic quality of the room and to ensure
that the proposed microphone distance of 12 ft. (72 D) is in the
acoustic far-field, an audio driver unit placed at the nozzle exit
location was used as the sound source (i.e., point source), and the
intensity vs. distance plots at various 1/3-octave frequencies were
obtained with a traversing microphone arrangement. These plots
established that the cut-off frequency of the room was 200 Hz and
that at a distance of 12 ft. the observer was in the acoustic far-
field at all frequencies (above 200 Hz) of Interest, as shown in
Figure 1-2.

(d) With the same traversing microphone arrangement, a cold Jet (Vj/ao -

0.8;) was used as the sound source in a second series of tests and
the Intensity-distance plots at various 1/3-octave frequencies were
measured at four angles to the jet axis. At distances greater than
9 ft. from the nozzle exit plane, the Intensity conformed to
"Inverse-square law," except at frequencies above 8 kHz, where the
decay was somewhat sharper because of the increasing atmospheric
attenuation with frequency, as shown In Figure 1-3. Hence, It was
established that for frequencies above 200 Hz, the acoustic inter-
ference produced by sources distributed over a finite region of the
jet exhaust flow does not affect the "Inverse-sqLire law" decay of
interjlty for observer distances greater than approximately 54
nozzle diameters.

"ACOUSTIC CLEANLINESS" TESTS

The "acoustic cleanliness" or Internal noise aspect of the rig was ex-
amined in the first instance by employing the usual method of measuring the
noise from a cold convergent nozzle at 900 to the jet axis and studying its
velocity dependence.- It was found that the overall SPL followed a Vj8 law
within 1 dB between the velocities of 400 and 1000 fps, whereas at velocities
outside this range, the levels were higher. At velocities above '000 fps, it
was clear that the levels were higher because of the presence of shock-
associated noise. At velocities below 400 fps, however, a careful examination
of the 1/3-octave spectra, together with the combined spectrum of background
and instrumen*3tion noise of the complete measuring system as shown in Figure
1-4, revealed that, at these low jet velocities, the low and high frequency
ends of the spectra were being lifted by the Instrumentation noise.

In order to further substantiate this observation and quantify the extent
of the instrumentation noise contamination, the same series of mixing noise
data were measured, this time with a minimum amount of instrumentation: i.e., a
1/2-in. BrUel and Kjaer (B&K) microphone, a 1/3-octave analyzer and a level
recorder. The corresponding spectra at jet efflux velocities from 300 to 1240
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fps, together with the new background/instrumentation noise spectrum, are
presented in Figure 1-5. It can be seen that the instrumentation noise spec-
trum is much lower in level this time and hence the mixing noise spectrum for
Vj -300 fps is no longer contaminated by the instrumentation noise, except at
the lower frequency end due to the presence of a.c. line frequency and its
harmonics. At this stage, therefore, it appears that the acoustic cleanliness
for cold operation of the rig is not affected by internal noise, at least down
to 300 fps, where the tests were terminated.

Having established the Influence of the measuring instrumentation noise
on low velocity jet noise measurements, we could proceed to produce additional
evidence for the lack of any significant internal noise levels. Once again,
the tests described below were carried out with the basic Instrumentation
system, consisting of 1/2-in. BSK microphones, a 1/3-octave analyzer and a
level recorder, so that the instrumentation noise was kept to a minimum.

In order to establish the magnitude of the internally generated noise at
a low value of Jet exit velocity ratio (Vj/a o =0.32), both cold and hot, a
systematic study was carried out and a typical set of results at 450 to the
jet axis is presented in Figure 1-6. The background/instrumentation noise is
given by spectrum A in this figure. Spectrum B represents the turbulent mix-
ing noise for the 2-in. diameter cold jet at Vj/a o = 0.32. The Internal noise
for this jet operation condition was determined by increasing the nozzle
diameter to 4 Inches and keeping the mass flow through the pipework constant.
The Jet velocity therefore is reduced by a factor of 4, and from the relation-
ship I -D 2Vj8 for the turbulent mixing noise, it can be calculated that the
mixing noise will be 42 dB down In this case, while the Internal noise w1l1 be
essentially unaltered. The resulting spectrum C shown in Figure 1-6, there-
fore, represents the combined background/instrumentation/internal noise contri-
bution and it will be observed that it is much lower in magnitude than the
corresponding mixing noise spectrum B.

Once the internal noise had been estimated for the cold jet, it was
necessary to repeat the exercise for the heated case, since the internal noise
spectrum then would be different due to presence of combustion noise. The
mixing noise from the heated 2 in. diameter jet (Tj/r -2.8, Vj/ao=0.32) is
given as spectrum D in Figure I-A. This spectrum exhlbits the characteristic
Increase over the corresponding .old jet spectrum B. In order to confirm that
this increase Is a genuine effect of heating, and not a direct result of the
Increase in Internal noise, the nozzle diameter was increased to 4 inches as
before and the mass flow through the pipework was kept constant. The resulting
spectrum E therefore represents the combined background/instrumentation/nterlal
noise contribution for this heated jet, and once again it is much lower in
magnitude than the corresponding mixing noise spectrum D. In order to further
establish that the result D above was not affected by the type of heating
(heating in Figure 1-6 was achieved with the propane burner), the test was
repeated with the electric heater with the observed temperature effect above
being repeated. This establishes the independence of the result from the
heater system.

In conclusion, therefore, it has been established that the internally
generated noise, for cold as well as hot operation of the facility, is not
significant, at least down to Vj/a o = 0.32. A'l data for V4/a o > 0 .32 obtained
from this jet noise rig represent true turbulent mixing noise, unadulterated
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by internal noise. Due to limitations imposed by the background and instru-
mentation noise, however, the lower limit of Vj/a o in the jet noise experimen-
tal programs was restricted to 0.35.

DATA ACQUISITION

In the present experimental program, twelve 1/2 in. B&K microphones Type
4133 with FET cathode followers Type 2619 were mounted on the microphone arc
at 710 intervals from 150 to 97P °. The responses were recorded simultaneously
on a 14-channel Honeywell FM tape recorder at 120 inches per second (ips). In
order to obtain the 1/3-octave spectrum from 200 Hz to 40 kHz by using a
Hewlett-Packard real time 1/3-octave audio spectrum analyzer, the tape speed
was reduced to 30 ips on playback. The 1/3-octave levels then were recorded
on an incremental tape recorder for subsequent detailed analysis by means of
a data reduction program developed for use on the Univac 418 digital computer.
This program incorporates the microphone frequency response corrections and
atmospheric absorption corrections. The results finally are displayed to
Include test conditions and computed jet flow parameters, 1/3-octave acoustic
spectra, and computed overall sound pressure levels. The day-to-day repeat-
ability of the complete measurement and analysis system is ±0.5 dB.
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APPENDIX 11

THE LOCKHEED LASER VELOCIMETER'

t'This is a summnary of material~ appearing in References 38, 58, 59, and 60
Volume II, Section 5.
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At the beginning of this Phase II program, the requirement was established
for the development of a Laser Velocimeter (LV) system for the measurement of
mean and turbulence 'elocity characteristics. Specifically, it was required
that an LV system be developed for accurate measurements in heated supersonic
flows with maximum velocities up to 3000 fps. For mean velocity measurement,
radial and axial distributions were required for both the axial and transverse
components. For turbulence measurements, in addition to the radial and axial
intensity distr:hutions, it was necessary to determine the turbulence spectrum,
correlation and convection information.

After extensive research into optical flow measurement systems in the
Phase I contract, it was concluded that the burst counter type of laser
velocimeter showed the greatest potential as a versatile Instrument for turbu-
lence research. Effort was therefore concentrated on developing such an LV.
This has resulted In an instrument which is capable of performing most of the
measurements at subsonic and supersonic speeds which can now be carried out
with the hot-wire anemometer at low subsonic speeds.

The laser shown In the LV Block Diagram, Figure I1-1, generates an iniense
beam of coherent light which is divided into Zwo beams. The two beams are
projected to an intersection in the flow where a fringe pattern is formed by
the coherent structure of the beams. The fringe pattern consists of many
parallel sheets of light separated by 10 to 20 microns. The fringe volume is
about 300 microns In diameter and in 1 mm long. Particles of 0.5 to 1.0
microns diameter are Injected Into the flow and are rapidly accelerated to the
flow velocity. When these particles pass through the fringe volume, they
scatter light at each fringe crossing. The scattered light is focused by the
coIlecting optics onto a photomultiplier tube where the light bursts are con-
verted to electrical signals. Since the spacing of the fringes is accurately
known, the frequency of the electrical signal is a linear function of the

particle velocity normal to the fringe plane. The processor converts the fre-
quency to digital form and transmits it to a computer where thousands of such
measurements may be accumulated and processed. Details of the design and
construction of the burst counter LV may be found in Reference 38.

The Lockheed LV, ucveloped as part of this program, is somewhat more
sophisticated than the basic system just described. There are three major
differences; it measures two orthogonal vectors of velocity, includes a veloc-
ity bias to allow reverse flow measurements and includes the time information
necessary to determine flow velocity frequency spectrum.

It was necessary in this study to define both the axial and radial compo-

ments of velocity. In order to accomplish this, two basic systems were designed
with their fringe planes superimposed, but orthogonal to each other. This
involved the development of unique beam splitter and color separator optics to
extract two sets of beams of different color from the multicolor argon laser.
The beams, shown in Figure 11-1, were oriented at right angles to each other
and projected by a lens to the same intersection point in the flow. The light
scattered by a passing particle is separated by filters and each color is
focused on a separate photomultiplier tube. The PMT signals then consitutute
separate velocity vector data. The processor is designed for two-channel
operation and thereby provides separate digital data for each velocity vector.
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The second refinement of the Lockheed LV is the addition of a velocity
bias to the measurement volume. This was accomplished by introducing an
acousto-optic modulation Into one of the two laser beams prior to their inter-
section in the flow. The modulator shifts the light frequency of the beam by
an amount determined by the modulation frequency, Figure 11-2. It can be shown
that the fringe pattern resulting from this process moves through the fringe
volume at a velocity determined by the fringe spacing and the modulation fre-
quency. The result is that oarticles travelling in both forward and reverse
directions with respect to the fringe vector produce unique frequencies thereby
allowing subsequent resolution of particle direction.

The data processing techniques necessary to determine the velocity fre-
quency spectrum required the addition of a time interval measurement to the
processor electronics. Frequency spectrum is obtained by estimating the
velocity auto-correlation function from the random (in time) velocity measure-
ments. Fast Fourier transform software techniques transform the auto-
correlation to frequency spectrum. When the two separate channels have the
fringes oriented parallel and are located at points separated in space, the
cross-correlation Information produces cross-spectra and convection speeds.
Cross-correlation of the two-channel information at a single point produces a
parameter related to Reynolds stress. Thus, In Its current configuration, the
LV Is an extremely versatile instrument.
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APPENDIX III

COMPARISON OF LV AND HOT-WIRE DATA'

tThis is a swrtnary of work appearing in Reference 61 and Volume II, Section 6.
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Once the LV development was completed, it was necessary to establish the

validity of the LV measurements. Since the hot-wire anemometer has been the

standard instrument for turbulence measurements it was chosen as the standard

for comparison. A test program was carried out to produce a series of LV and

hot-wire measurements from the same test rig at the same test conditions. The

tests were conducted at low jet velocity (Mach 0.28). Mean and turbulence
velocity radial and axial distributions, turbulence spectra, turbulence auto-

correlation coefficients, Reynolds stress, and velocity histogram data were

obtained. The following brief discussion relates the 6uccess of this

comparison. A more detailed discussion may be found in Volume II.

Figure I11-1 shows the radial distribution of the mean axial velocity ob-
tained with the LV and the hot-wire. The velocity is normalized by the jet
efflux velocity, Vj, and the radial distance is normalized by the nozzle radius,
ro . The agreement between the two sets of results Is good. Experience has
shown, however, that LV measurements ol mean velocity are strongly influenced
by the region from which the Dredo..!,,ant portion of the seeds reaching the
measurement volume originate. R,.:ults are presented In Volume II, which illus-
trate this Influence. However, when the jet was seeded evenly from the inside
and the outside, data were obtained which compared well with hot-wire results.

The 2istinctive advantage of the LV in being able to distinguish between
forward and reversed flows may be seen in the histograms of Figure 111-2. The
LV data show that there is a high probability of negative velocities in the
mixing region of the jet. However, the hot-wire data do not show this as a result
of the inherent rectification of the negative velocity values by the hot-wire.

Figure 111-3 shows radial distributions of the axial turbulence intensity.
The LV data tend to be higher than those of the hot-wire across the nross-
section of the jet. After taking account of the known corrections to both the
LV and the hot-wire data, it appears that there is a nearly constant difference
of about 2% in turbulence intensity between the two sets of data across the

whole jet. The origin of the net discrepancy is still not clear. However,
on the evidence of work with hot-wires62, it would appear that this may be
due to a misinterpretation of hot-wire measurements.

Figure 111-4 shows a family of curves of spectra of the axial velocity
fluctuations obtained at a number of radial positions using an LV. Similar
spectra have been obtained in other studies using hot-wires, and direct com-
parison between LV and hot-wire spectra obtained under the same Jet flow
conditions appears In Volume II.
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APPENDIX IV

I LV-rvICROPHONE AND LV-LV CORRELATION
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The potential of the LV as a device for locating sources of sound genera-
tion and for defining statistical quantities directly related to the noise
generation process has long been realized. As a part of this Phase II work,
two specific correlation techniques were assessed. These were correlation be-
tween one LV channel and a far-field microphone and correlation between two LV
channels, located either at a single-point or at separated points.

LV-MICROPHONE CORRELATION

It is shown in Proudman's63 work based on Lighthill's theory that the
radiated far-field pressure can be directly related to the component of fluc-
tuating velocity in the turbulent mixing region in the direction of the
observer location. Several source location techniques have been discussed in
the past based on this method of approach. Basically, the far-field sound
pressure is correlated with the oriented velocity fluctuation in the source
region.

As part of our instrumentation development program with the LV, the soft-
ware and hardware were developed to enable this in-jet/far-field correlation
to be made. The LV processor electronics were modified as shown in Figure IV-1.
An analog-to-digital converter was substituted for the input circuitry of the
blue LV channel. The triggering pulse for the A/D sample was obtained from
every particle arrival event attempted by the Green LV channel. When the LV
data was properly validated, both the digitized word from the acoustic signal
and the LV velocity word were transmitted to the computer.

With two very minor exceptions, the software rtquired to reduce the LV-
microphone correlation data was identical to that used for ali LV experiments.
One minor exception was in handling the analog data, since the inversion
normally applied to LV measurements to convert from 8-fringe period to
velocity was inhibited. The software to perform the correlation was Identical
to that used to compute power spectra. The data management portion was ex-
tended to allow extra data sets to be included at the end of one data set,
thus enabling an apparently endless amount of data to be added to the correla-
tion process.

Since the reported correlation measurements between hot-wires and micro-
phones show quite small amplitudes, a system checkout situation was chosen
such that one of the jet Instability modes was excited. This should give an
artificially high correlation. The set-up is illustrated in Figure IV-2. A
1 KHz acoustic signal was present in the jet plenum. This sound radiated to
the far-field from the jet exit plane and also triggered one of the jet In-
stability modes. Correlation between the velocity signal and the microphone
showed a very high value, with the peak occurring at the time delay expected
(being the difference between the propagation time from the exit plane to the
observer point and the convection time from the exit plane to the In-jet
point.) This example, however, illustrates the major objection to this type
or test, whereas the reported correlation between the LV and microphone is
high; without a rather complete knowledge of the physics of the situation,
there is no way of determining if this correlation is between a source region
and a field point or between two points in a propagating wave field. In the
example situation, the correlation must be high since the sound field radiating
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to the far field from the duct also drives the jet velocity field. In most
practical situations, it would be difficult to determine which situation
occurs.

Thus, the major significance of this particular system checkout experiment
is not In the details of the result, but that the correlation could be per-
formed, if a practical application arises in the future. It was demonstrated
that the technique was mechanically practical and that the time to acquire the
data was not excessive. In this particular test, approximately 100,000 sample
pairs were obtained in about 10 seconds. As stated above, this was accom-
plished by triggering the microphone data acquisition circuit every time LV
data was obtained. The cross-correlation function was then obtained directly
from these data.

As a result of the difficulties in application as a source location tool,
this method was not used further. Instead, it was determined that in-Jet
cross-correlations provile the most useful Information relevant to source defi-
nition. The following section outlines our efforts to develop this technique
in the Phase II program.

TWO-POINT VELOCITY CROSS-CORRELATION EXPERIMENTS

Single-point measurements in turbulent flows do provide considerable
useful information of importance from the aero-acoustic viewpoint. Such data
include mean velocity profiles which govern flow acoustic Interactions and
turbulknce intensities which control the absolute source strength. However,
the radiation of noise depends on the statistical relationship between
fluctuations at separate points in the flow. In order to determine such
properties as phase velocities and length scales, it is necessary to generate
two-point statistics of the flow field such as spatial correlations and the
related cross-spectral density fluctuations. An attempt to measure these
functions is detailed below.

A series of measurements of two-point axial cross-correlations of turbu-
lent velocity fluctuations were performed in a jet mounted in a low-speed
wind tunnel. This configuration was chosen to minimize the "angular window"
required by tee laser velocimeter since at the time of the measurements no
frequency sid;fting was available. It was felt that the deviations of instan-
taneous velocity fluctuations from the axiai direction would be less for a Jet
exhausting into a moving stream rather than exhausting into still air.

An existing backscatter laser velocimeter was modified to perform the
single-vector two-point spatial correlations. This optical system was differ-
ent to the forward-scatter system used in the single-point Jet measurements.
A second set of beam transmitting and signal collecting optics was fabricated
and together with the original optics the system constituted two separate LV
systems utilizing the same !aser. The existing system was a two-vector, that
is, two color system. These colors were separated by a speclal mirror and
each was directed to the separate optical systems. The blue optics were
arranged so that they could bt rotated and moved vertically with respect to
the green optics which were fixed to the laser assembly. A drawing of the
system is shown In Figure IV-3. The two blue beams were aligned exactly on
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the rotational and vertical axes of the optics to prevent the necessity of
realignment when the blue measurement point, P2, was moved with respect to
the green measurement point, P1.

A photograph of the wind tunnel working section showing the Jet nozzle,
the transparent working section wall and the laser velocimeter optics is
shown in Figure IV-4. Since, as can be seen in Figure IV-3, neither set of
beams entered the tunnel normal to the tunnel wall, or the axis of the jet,
the two point cross-correlation contained some components of transverse
velocity.

In spite of the deficiency in the system (namely, backscatter optics, no
frequency-shifting, non-parallel optical systems and an early error detection
circuit design), some correlation was evidenced in the data analysis. Because
of the very low data rates and general unsuitability of the system or this

kind of experiment, this data was not considered satisfactory for inclusion

in the report.* The reason for this unsuitability Is discussed below.

Since the light scattered by particles of the order of one micron in the
forward direction Is at least ten times greater than the intensity of the
backscattered light, the signal-to-noise ratio of the backscatter LV is in-

herently lower than a forward scatter system. As the signal-to-noise ratio
Increases, so does the probability of double zero-crossing counts. If the
PMT signal is attenuated so that only larger particles are counted, this

noise problem is reduced but the sampling rate is dlso reduced. However, in
order to obtain good correlatton data, a high sample rate is required. These
opposing requirements are felt to be the major reason for Lhe unsuccessful
experiment. These difficulties are reduced by using a forward-scatter
system and Improving the counting and error detection circuit,-v,

A new four-channel laser velocimeter system, designed especially for the
measurement of two-point spatial correlations, Is under construction and will
be operational during 1976. The optics will be an augmentation of the present

frame-mounted, two-color system which provides both forward and backscatter
capabilities. A second set of two-color optics will be mounted on a separate
frame so that the measurement volume can be moved independently of the first
set under computer control. A completely new, four-channel set of electronics,
which will Incorporate frequency shifting on all four channels and the latest

4'Coincidence. In the early LV systems, before Bragg cell frequency shifting

was used, the transverse velocity component was measured by using the fringe

patterns oriented at 450 to the mean flow direction. This required coinci-

dence between channela for every data point recorded so that the axial and

transverse components could be resolved. Since the introduction of frequency

shifting, the fringes have been oriented in the direction of the required

measurements. Coincidence between channels is, therefore,, no longer a
requirement unless the experimenter is considering a statistic such as

Reynolds strees, instantaneous particle direction or velocity vector nagni-

tude. The new four-channel system will have options which wilZ e-Zhle the

experimenter to request coincidence at either measurement volume. Ssace the

data correlation is entirely statistical, it is neither necessary nor

desirable to require coincidence between one measurement volume and the other.
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advances in data validation circuits, is also being made. The computer in-
terface has also been redesigned to allow up to four simultaneous particle
velocity measurements to be transferred to the computer. A block diagram of
the new four-channel system is shown in Figure IV-5.

The data reduction software will be augmented to allow a large range of
different studies to be performed using the data from the new electronics. It
is anticipated that with the improved signal quality and data rate expected
and computerized measurement volume positioning the generation of spatial
correlation functions and their associated wave number spectra will become a
practical reality for the first time.
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